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As far as alpha-particle interaction with a nucleus is 
concerned the mode of reaction mechanism has been a point of 
interest for several years. Sufficient evidences are present 
to believe that the mode of reaction is not merely through 
compound nucleus formation. Hence the emphasis on the type* 
non-equilibrium reaction mechanism which is taking part in 
such type of nuclear reaction, has to be given a due considera-
tion. The experimental data on alpha-particle interaction show 
a high energy tail in the excitation function, which is inexpli-
cable in the ftamework of equilibrium (compound) model. When 
the pre-equilibrium emission of particles prior to the 
equilibrium formation is taken into consideration, the experi-
mental trend is somehow explained. Several semi-classical 
models have been proposed which take care of above considerations. 
One of these models is the geometry dependent hybrid (GDH) model 
which is relatively simpler to handle. 
With the availability of high-resolution and large volume 
semi-conductor detectors, and of good quality beams, the excita-
tion function measurement business has entered into a new era. 
The knowledge of excitation functions is important not only for 
nuclear physics research, but also for practical applications as 
in the production of radio-nuclides and for solid-state research. 
One of the interesting features of (ci,xpyn) reaction is that 
alpha-particles bring in a large amount of angular momentum in 
- l i -
the compound nucleus. This results in a population of moderate-
ly high spin states. The work reported in this thesis deals 
with the study of some alpha induced reactions at the cyclotron 
energies. The thesis has been ramified into five chapters. 
In Chapter - I, a general introduction regarding nuclear reac-
tions, including different theories and models, is presented. 
In this chapter, a brief view of the present work is also given. 
In Chapter-II, the various nuclear reactix^n theories are 
discussed. Chapter-Ill contains the nuclear model code which is 
used in the present investigation. In Chapter-IV, experimental 
technique and details of measurements are described. The 
experiments were done at the Variable Energy Cyclotron Centre 
(VECC), Calcutta (India). Excitation functions for the reactions 
^^Mn(a,n)^^Co, ^ ^MnCa,2n)^'^Co, ^ ^Mn(a,3n)^^Co, ^ ^Mn(a,4n)^^Co, 
^^Mn(a,an)^'^Mn + ^^MnCa,2p3n)^'^Mn, ^^Mn(a,a3n)^^%n,^^Cu(a,n)^^Ga 
^^Cu(a,2n)^^Ga + ^^Cu(a,pn)^^Zn, ^ ^Cu(a,n)^^Ga, ^ ^Cu(a,2n)^'^Ga, 
^^Cu(a,3n)^^Ga, "^^ GaC a,n)'^ 2As , ^ ^Ga(a,2n)'^^As , ^ ^Ga(a,3n)'^°As , 
^^Ga(a,p3n)^^Ge, '^ G^a(a,n)'^ '^ As, '^^Ga(a,4n)'^^As, 2093^(^^3^)210^^ 
and Bi(a,4n) At have been measured by the activation method 
using 'Stacked foil' technique, the alpha-particle energies 
ranging from 7 to 60 MeV. Bombardments were made with the alpha 
particle beam of 40 MeV and 60 MeV. The beam was collected in 
a 'Faraday-cup' and the total charge was measured by a current 
integrator. The induced gamma activities in each foil were re-
corded by a 100 cc Ge(Li) spectrometer. 
- Ill -
Chapter-V deals with results and discussion of the 
measurements. Measured excitation functions are compared with 
the earlier reported values, whatsoever available, and also 
with those evaluated theoretically on the basis of both equi-
librium and pre-equilibrium reactions using the nuclear model 
code 'ALICE/LIVERMORE-82' in the framework of geometry dependent 
hybrid (GDH) model. Present analysis indicates clearly the 
presence of considerable amount of pre-equilibrium contribu-
tions in alpha induced reactions. Pure equilibrium reaction 
mechanism is unable to explain the high energy tail of the 
measured excitation functions and a proper admixture of equili-
brium and pre-equilibrium processes is needed to reproduce the 
experimental excitation functions in full energy range. The 
initial exciton configuration n = 4(2 neutrons plus 2 protons, 
no hole) gives the satisfactory reproduction of experimental 
data and supports the finding of many earlier investigations. 
The pre-equilibrium fraction (fpp) is found to be dependent on 
the projectile energy and increases very fast as the energy of 
alpha particle increases and then at a higher excitation energy 
when the multiplicity of the outgoing particles increases, the 
pre-equilibrium fraction becomes more or less constant. 
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A B S T R A C T 
as far as alpha-particle interaction with a nucleus is 
concerned the mode of reaction mechanism has been a point of 
interest for several years. Sufficient evidences are present 
to believe that the mode of reaction is not merely through 
compound nucleus formation. Hence the emphasis on the type* 
non-equilibrium reaction mechanism which is taking part in 
such type of nuclear reaction, has to be given a due considera-
tion. The experimental data on alpha-particle interaction show 
a high energy tail in the excitation function, which is inexpli-
cable in the framework of equilibrium (compound) model. When 
the pre-equilibrium emission of particles prior to the 
equilibrium formation is taken into consideration, the experi-
mental trend is somehow explained. Several semi-classical 
models have been proposed which take care of above considerations 
One of these models is the geometry dependent hybrid (GDH) model 
which is relatively simpler to handle. 
With the availability of high-resolution and large volume 
semi-conductor detectors, and of good quality beams, the excita-
tion function measurement business has entered into a new era. 
The knowledge of excitation functions is important not only for 
nuclear physics research, but also for practical applications as 
in the production of radio-nuclides and for solid-state research. 
One of the interesting features of (o:,xpyn) reaction is that 
alpha-particles bring in a large amount of angular momentum in 
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the compound nucleus. This results in a population of moderate-
ly high spin states. The work reported in this thesis deals 
with the study of some alpha induced reactions at the cyclotron 
energies. The thesis has been ramified into five chapters. 
In Chapter - I, a general introduction regarding nuclear reac-
tions, including different theories and models, is presented. 
In this chapter, a brief view of the present work is also given. 
In Chapter-II, the various nuclear reaction theories are 
discussed. Chapter-Ill contains the nuclear model code which is 
used in the present investigation. In Chapter-IV, experimental 
technique and details of measurements are described. The 
experiments were done at the Variable Energy Cyclotron Centre 
(VECC), Calcutta (India). Excitation functions for the reactions 
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and Bi(a,4n) At have been measured by the activation method 
using 'Stacked foil' technique, the alpha-particle energies 
ranging from 7 to 60 MeV. Bombardments were made with the alpha 
particle beam of 40 MeV and 60 MeV. The beam was collected in 
a 'Faraday-cup' and the total charge was measured by a current 
integrator. The induced gamma activities in each foil were re-
corded by a 100 cc Ge(Li) spectrometer. 
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Chapter-V deals with results and discussion of the 
measurements. Jvieasured excitation functions are compared with 
the earlier reported values, v;hatsoever available, and also 
with those evaluated theoretically on the basis of both equi-
librium and pre-equilibrium reactions using the nuclear model 
code 'ALICE/LIVERMORE-82' in the framework of geometry dependent 
hybrid (GDH) model. Present analysis indicates clearly the 
presence of considerable amount of pre-equilibrium contribu-
tions in alpha induced reactions. Pure equilibrium reaction 
mechanism is unable to explain the high energy tail of the 
measured excitation functions and a proper admixture of equili-
brium and pre-equilibrium processes is needed to reproduce the 
experimental excitation functions in full energy range. The 
initial exciton configuration n = 4(2 neutrons plus 2 protons, 
no hole) gives the satisfactory reproduction of experimental 
data and supports the finding of many earlier investigations. 
The pre-equilibrium fraction (fpp) is found to be dependent on 
the projectile energy and increases very fast as the energy of 
alpha particle increases and then at a higher excitation energy 
Vvfhen the multiplicity of the outgoing particles increases, the 
pre-equilibrium fraction becomes more or less constant. 
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CHAPTER - I 
I N T R O D U C T I O N 
The study of nuclear reaction is of paramount importance 
from the point of view of understanding the nuclear reaction 
mechanismo With the advent of the high-energy accelerating 
machines, such as the Van de Graaff generator, the Cockroft-
Walton accelerator, the cyclotron, and the pelletron, the high-
energy particles like protons, deuterons, alpha particles and 
heavy ions have become available to produce nuclear reactions in 
all elements of the periodic table. Progress in accelerator 
technology has helped fundamental research tremendously, apart 
from giving spin-off benefits in applied fields. Modern acce-
lerators play an effective complementary role to nuclear reac-
tions, for they produce radioactive isotopes which have various 
applications. While nuclear reactors can produce neutron-rich 
isotopes mostly around the line of f^-stability, nuclear reactions 
induced by ions enable the production of very useful radio-
active isotopes on both sides from the line of ^-stability. 
With ever increasing use of these radioactive isotopes in 
various applied fields, there is a growing demand to provide 
knowledge of the 'Excitation function' of nuclear reactions, in 
order, that the production of selected isotopes could be maxi-
mized. From the physics point of view, the shape of the excita-
tion function reveals the reaction mechanism. 
: 2 : 
Nuclear reactions are classified under two categories, 
depending upon the time at which they occur and are accordingly-
called direct reactions, or compound nucleus reactions. The 
direct reactions are supposed to be initiated and completed at 
the very first projectile-target collision, and hence are thought 
—22 to occur within the time ( ^ /^ lO sec.) taken by projectile to 
cross the nuclear diameter. On the other hand, compound nucleus 
reactions continue to the end of a very large number of internal 
collisions, and therefore take a comparatively longer time 
( ^ 10~ sec). Again, the particles emitted in the direct and 
compound stages may be recognised by their energies and angular 
distributions. The particles from the direct reactions are 
emitted predominantly in the same direction as the incident 
particle, with similar energies. On the other hand, particles 
emitted via a compound nucleus, are emitted in all directions, 
with an angular distribution symmetric of about 90 , and when 
the final states merge into continuum, the angular distributions 
have a characteristic Maxwellian energy distribution. Also, 
the compound reaction mechanism is more likely to take place at 
relatively lower excitation energies, while the direct process 
is more probable at higher excitations. 
As isochronous cyclotrons came into wide usage in the 1960s 
and higher projectile energies became available for nuclear 
reaction studies '^  , several new experimental features emerged 
from systematic investigations. Thus, there has been increasing 
evidence to show that some reactions take place with intermediate 
: 3 : 
zLme scales between the two extremes. They manifest themselves 
in the high energy tails of excitation functions, non-Maxwellian 
h£rd components in the particle spectra, and a gradually changed 
pattern of angular distributions, from forward peaking to fore-
and-off symmetry. These new experimental features were neither 
2) 
consistent with the compound nucleus model ^ nor with the 
3)' direct reaction model '' . This may be explained with the help 
of Fig. 1.1, in v/hich the general nature of observed energy 
spectrum of particles, in a high energy nuclear reaction, at a 
particular angle and for a specific residual nucleus, is shown. 
The broad peak in the lower energy corresponds to evaporation 
from a compound nucleus, while the sharp peaks in the high energy 
tail of the spectrum correspond to population of low-lying 
states in the residual nucleus and can be attributed to the 
cirect reactions. The smooth distribution in between the broad 
and the sharp peaks has no explanation in these two approaches. 
Tnis portion may be attributed to some intermediate processes 
1 4 5) 
called 'Pre-compound' or 'Pre-equilibrium processes * * ''. 
The pre-equilibrium concept may be considered a bridge 
Detween the two extremes * ~ '. A series of complicated colli-
sions inside the nucleus follows the initial interaction, and 
tnere is a certain probability of particle emission after each 
one of these collisions. In these intermediate processes, 
selectivity of the direct reactions is lost. Also, only some 
degree of freedom is involved, i.e., the number of excited 
particles and holes which share the excitation energy of 
intermediate system is small. The study of pre-equilibrium 
: 4 
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pnenomena is useful in radiotherapy ' , space explorations ^ , 
, . 12) , ^ , . 13,14) fusion reactor design ' and astrophysics 
15) Since the basic work of Griffin ' in 1966, a variety of 
different pre-equilibrium models have been developed •' . The 
most widely used models are the intranuclear cascade model (INC), 
the Harp-Miller-Berne (HIvlB) model, but more particularly, the 
exciton (EM) and the hybrid/geometry dependent hybrid (GDH) 
models. 
The intra-nuclear cascade model provides a classical 
approach to pre-compound decay * ^, In this model, the tra-
jectories of particles inside the nucleus are followed in co-
16) 
ordinate space by means of Monte Carlo methods •' . The numerical 
simulation of the scattering process is based on experimental 
free nucleon-nucleon (N-N) scattering cross-sections, and the 
angular distributions. Upto 1975, there was the only pre-
equilibrium model able to predict angular distributions of 
er.itted particles. 
19) 
The Harp-Miller-Berne model ' has its energy divided into 
bins and the average number of occupied single particle levels 
in eacn bin is computed, usually in the framework of the Fermi 
gas moael. In course of time, the occupation of nucleons in 
each bin changes due to the intranuclear collisions. The evo-
lution of this excited nuclear Fermi gas is followed through 
numerical calculation of the relative occupation of each bin, 
as a function of time, by solving a set of coupled differential 
equations. The transition rates are obtained from experimental 
: 6 : 
free nucleon-nucleon scattering cross-sections. In contrast 
to the intra-nuclear cascade model, tnis model permits a 
quantum statistical treatment, though in practice, the transi-
tion rates are corriputed in a classical manner. However, it 
cannot predict angular distributions. Yet another practical 
disadvantage of the Harp-Miller-Berne model is its computational 
complexity. To deal with such situations additional assumptions 
have to be introduced. This has been done in the exciton and 
hybrid models, which now have become the most popular pre-
equilibrium models for applications in nuclear data evaluation . 
The exciton and hybrid models, originate from the work of 
15) Griffin ' and are closely related. In these models, the 
nuclear state is characterized by the excitation energy E and 
the total number(n)of particles p above holes h below the 
Fermi surface. Also, in the exciton model, it is assumed that 
all possible ways of sharing the excitation energy between 
different particle-hole configurations, with the same exciton 
number n, have equal a priori probability. Instead of tracing 
the evolution of the occupation of each energy bin, as in the 
Harp-iuiller-Berne model, one merely traces the temporal deve-
lopment of the exciton number n, which changes in time, as a 
result of intranuclear collisions. This assumption makes pre-
equilibrium theory amenable to practical calculations. 
In the hybrid model an attempt is made to retain some more 
elements from the Harp-Miller-Berne model, e.g., by using the 
concept of mean free path in nuclear matter, internal transition 
: 7 
rates are relatea to the free nucleon-nucleon scattering cross-
section. A further refinement is introduced in the geometry 
dependent hybrid (GDH) model by taking into account the varia-
tion of nuclear density at the nuclear surface . 
More recently, several quantum-mechanical theories have 
20) been proposed /. These quantum-mechanical theories provide m 
principle, a way of calculating the cross-sections of pre-equi-
librium processes without the uncertainties of the semi-classical 
approximations. These theories are based on detailed expressions 
for the microscopic processes occuring in the nucleus in which 
a statistical averaging is done. Some of the important theories 
are proposed by Feshbach et al. •', Agassi et al. •', McVoy and 
Tang^^^, Tamura et al.^^~^^^ and Udagawa et al.^^"^^^. At 
present these theories are applicable only for the nucleon 
induced reactions ' because, for a complex particle the quan-
tum mechanical treatment of the initial projectile-target inter-
action becomes very much complex. Therefore, measured excita-
tion functions have been calculated theoretically with and 
without the inclusion of pre-equilibrium emission using semi-
classical models. 
In order to test pre-equilibrium theories, it is reasonable 
to have extensive studies on excitation functions, energy and 
angular distributions, etc., of particles emitted in nuclear 
reactions at higher excitation energies. The study of excita-
tion functions of a-induced reactions can give some informations 
30-34) 
about the reaction mechanism ^. Tne presence of pre -
8 : 
equilibrium component in any reaction can'be observed from the 
high energy tail of the excitation function, which cannot be 
reproduced by the compound (statistical) model. The study of 
excitation functions is also important from the point of view of 
1 +u • 30) nucleo-synthesis . 
The alpha particle was used in the earliest determination 
of nuclear size, and it is still regarded as one of the most 
useful probes for learning the shape of the nucleus. It is a 
complex particle, and interacts with matter (or nuclei) in a 
more complicated way than nucleons do. However, its attenuation 
in nuclear matter restricts the interaction to the low-density 
surface region of the nucleus, particularly if the alpha particle 
bombarding energy is not too high. At high energies, the alpha 
particle is regarded as an important projectile for nuclear 
31) 
reaction studies. It can impart ' considerable angular momen-
tum to the target nucleus and hence relatively high angular 
n.omentum states can be populated and consequently, various type 
of nuclear reaction studies are possible. From these reaction 
studies some information about nuclear structure such as shell 
effect * ' , nucleon densities ' and nuclear reaction mecha-
o 1 _ no \ 
nism '' can be obtained. These studies are also useful in 
40-44) tne construction of nuclear level schemes '. 
A lot of work has been done on the study of excitation 
45) functions of a-induced reactions for various target nuclides ', 
over a wide range of energy, and over a wide range of periodic 
table. However, the situation is still unsatisfactory, as 
: 9 : 
45) 
there are large discrepancies in the reported values ', even 
for a single specific reaction, l.ioreover, the data are 
incomplete and contain considerable errors. Besides, analysis 
of these excitation functions, in the past, has been carried 
out on the basis of the compound nucleus (statistical equili-
brium) model ' , and, in general, this mechanism of the 
reaction could not account for the high energy tails of the 
48—51) 
excitation functions ' * 
In the present work, excitation functions for a-
induced reactions have been experimentally measured in the 
energy range from ^7-60 MeV for nineteen reactions covering 
a relatively wide mass region from 55 to 209. The stacked 
foil activation technique has been used for the irradiations 
of target foils. The irradiation of the stacks was carried 
out at the Variable Energy Cyclotron Centre (VECC) , Calcutta 
(India). The activity produced in foils was measured using a 
100 cc ORTEC Ge(Li) detector, in conjunction with a 4K multi-
channel analyser. The excitation functions have also been 
evaluated theoretically using the computer code 'ALICE/ 
i^ IVERiViORE-82 "' which is based on compound and pre-equilibrium 
models. In this code the calculations based on compound 
53) 
nucleus are aue to a Weisskopf-Ewing model ' , while pre-equi-
librium calculations are based on hybrid/geometry dependent 
54-56) 
hybrid models '. The experimental results have been com-
pared with the theoretical predictions based on the widely used 
55) 
pre-equilibrium geometry dependent hybrid model '. Theory and 
-on 
10 : 
experiment were found, in general, in agreement. The pre-
equilibrium fraction (fpp) of the total reaction cross-secti< 
nas also been calculated at different energies. To the best 
55 52a 
of our knowledge excitation functions for the Mn(a,a3n) ^Mn, 
^^Ga(a,n)'^^As, *^^ Ga(a,2n)'^ A^s , ^ *^ Ga(a,3n)'^ °As , ^ ^Ga(a,p3n)^^Ge, 
71 74 71 71 
Ga(a,n) As and Ga(a,4n) As reactions, have been reported 
for the first time. 
The details of nuclear reaction theories, nuclear model 
code and experimental measurements have been given in Chapter II, 
III and IV respectively. Chapter - V deals with results and 
discussion of the measurements. 
11 : 
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CHAPTER - II 
NUCLEAR REACTION THEORIES 
Nuclear reactions, according to the time on which they 
occur, may be classified into two categories i.e., direct 
reactions and compound nucleus reactions. The direct reactions 
are supposed to take place at the very first target-projectile 
—22 
collision and hence they occur within the time taken (^ 10 sec) 
by the projectile to cross the nuclear diameter. On the other 
hand, the compound nucleus reaction takes place at the end of 
very large number of internal collisions and therefore takes 
comparatively a long time (*^ 10~ sec). 
However, in recent years, there has been an increasing 
evidence to point out that some reactions take place with inter-
mediate time scales between two extremes. They manifest them-
selves in the 'high energy regions' of the excitation functions, 
non-Maxwellian hard components in the particle spectra and a 
gradually changed pattern of angular distributions from forward 
peaking to fore-and-off symmetry. These new experimental 
features were inexplicable ' by existing direct reaction or 
compound nucleus models. A large body of such experimental data 
at high energies has successfully been explained by a new set of 
models called the 'Pre-compound' or 'Pre-equilibrium' models. 
2) Most of these models are semi-classical ' in nature and 
have been used with considerable success in describing experimental 
: 17 : 
data pertaining to the equilibration process, mainly the forv;ard 
peaked hard component observed in the continuous spectra of 
light ejectiles and the high energy 'tails' seen in the excita-
tion functions of activation cross-sections. More elaborate 
3-5) quantum mechanical theories ' which are not easily applied to 
routinely calculate measurable pre-equilibrium cross-sections, 
have tended to support the foundations on which the semi-
classical models are built. This has prompted a continued 
interest in these models as tools to predict cross-sections for 
a number of practical purposes and to test the adequacy of the 
underlying physics. 
2.1 Compound nucleus theory 
Bohr , in 1936, proposed the compound-nucleus theory of 
nuclear reactions. According to this concept, the nuclear reac-
tion takes place in two steps : (i) the incident particle to-
gether with the target nucleus forms the compound nucleus in 
which energy is shared among all the nucleons; (ii) the compound 
nucleus then decays to the final products. Since the life-time 
of the compound nucleus is much greater than the time taken by 
—22 
the incident particle to traverse the nucleus (-^ 10 sec), it 
is assumed that the mode of decay of the compound nucleus is 
independent of the mode of its formation, except for the require-
7 8) 
ments of the various conservation laws * '. Thus, to calculate 
the cross-section of a nuclear reaction, it is necessary to 
determine the cross-sections of the two processes, that is, the 
18 : 
formation of the compound nucleus and its decay. 
9) Compound-nucleus processes ' may conveniently be divided 
according to the number of compound-nuclear states excited by 
the reaction, and this depends on the energy spread AE of the 
incident beam and on the widths r and spacings D of the com-
pound nuclear states. If AE<r<D, so that the levels are well 
separated, the corresponding resonances in the cross-sections 
may be analysed by the Breit-Wigner formalism. This formalism 
may be extended to the case AE< f^D where two levels overlap, 
but becomes impracticable when more than two states are excited 
at the same energy. When r>D so that the levels overlap strong-
ly and the energy resolution AE<r, the measured cross-sections 
fluctuate as a function of energy, but in so complicated way 
that it is not possible to identify the contributing resonances. 
If the energy spread AE>r, many states are excited simultaneous-
ly but the fluctuations are no longer apparent. The resulting 
energy-averaged cross-sections may be analysed by the statisti-
cal theoryo 
The basic assumptions of the statistical theory are almost 
the same as proposed by Bohr . These are (i) the reaction 
proceeds via a compound nucleus whose excitation is high enough 
to allow a statistical average over all possible phases of the 
nuclear states, (ii) the decay mode of the compound nucleus is 
independent of the mode of its formation. However, since the 
number of particles in the nucleus is finite and much smaller 
than the numbers required for the application of the laws of 
19 : 
statistics, accurate agreement between theory and experiments 
8) is hardly to be expected ' . 
\r\\ 
The Weisskopf-Ewing statistical model '^  gives the follow-
ing relation for the average reaction cross-section (a",) : 
^jk = t^comp^j)^ t •# ] ••• (2.1) 
where j and k represent the incident and outgoing particles. 
The first factor on the right hand side of equation (2.1) depen-
ds only on the reactants and is called the cross-section for the 
formation of the compound nucleus which may be calculated using 
the transmission coefficients for the partial waves. The second 
factor, called the branching ratio, depends only on the final 
products (k). 
With the application of compound nucleus formation condi-
tion and with the conservation of total angular momentum J and 
parity % the average total cross-section for the reaction 
l(j,k)L averaged over many resonance structures may be given 
6,11). 
as 
°Jk - f^ "jkJ" ••• (2-2) 
By applying the assumption of. compound nucleus formation 
we have, 
t ^ 
The sum over t runs over all reaction alternatives available to 
20 : 
the compound nucleus. Since Equation (2o3) is now valid for 
each J ,T.. separately, the factorization of the cross-section as 
in Equation (2.3) does not imply that the compound nucleus for-
12) gets its total angular momentum and parity '. 
The connection between compound-nucleus cross-sections and 
branching ratio is established by the following reciprocity 
theorem : 
k^o-^ j" = k2<,-. J'* ... (2.4) 
where k. and k. are the wave numbers for the relative motion of 
the pair j and k. 
Combining Equations (2.3) and (2.4), we find 
=f = '^f "compj" "^ ••• (2-5) 
Finally we obtain each CT^Q„„ (j) from the optical-model absorp-
tion cross-section a- (abs) for the pair j. In terms of the 
complex phase shifts §-, of the optical model we have 
o.(abs) = -S- 2 (21+l)(l-|e^'-^jl|2) ... (2.6) 
' k^ 1 
(2J+1) J+S •^ I"'^ j c 
= I - ^ S Z (l-le^^^jlj^) 
J,ii k^ (2J.+l)(2Jj.+l) 1=J-S S=Jj.-J. 
-- / ^ ^comp 'J'' ^ j) ••• (2.7) 
wh ere J- is the spin of the incident particle j (in unit of fi) 
: 21 : 
Comparison of Equations (2.5), (2.6), (2o7) yields 
G.J"^  = Z T, (j) ..o (2.8) 
•^  s,l 
where Tj_(j) = l-je^^^jlj^ 
Using Equations (2.3), (2.6) and (2.8) we get, 
(2J+1) Ji.^l' ^^^ 
aT, = -f- L ^ [ Z T,(j)][ ^ ^ — ] 
^^ k^ J,ii (2JT+1)(2J.+1) S,1 
[^+1)(2J.+1) s,l ^ Z T,„(t) 
^ J t,£fM" ^ 
(2.9) 
The imprimed quantities s and 1 (where s is the channel spin 
and 1 is the orbital angular momentum) refer to the incoming 
channel j of the reaction, the primed quantities refer to the 
outgoing channels k and the double primed quantities in the 
denominator are summed over all channels (t) to which the com-
pound nucleus can aecay. Expression (2.9) can also be written 
as , 
-uv u """'j . T^(J^)T^(J^) 
o.^ (Etf) = Z (2J+1) -J ^ — 
^^ ^ (2J^4-l)(2J.-fl) J,^ T^^^(J^) 
(2.10) 
where o~-^ (E*^ ) = o~. is the average cross-section for the 
reaction I (in the state \x) +j —^ L (in the state l))+k when I 
and j interact with centre of mass energy E![. |I,D indices 
representing bound states in target nucleus I and residual 
njcleus L, respectively, 7^ (J*^ ) = E T,(j) is the total 
3 , 1 " ^ 
transmission function for forming the state J in the compound 
nucleus by a combination of 1^+1, T^ (J^) = E T,, (k) is the 
s' T 
•n ' y transmission function for the decay of the J into L +k. 
To. , (J ) = Z T,„ (t) is the total transmission function for 
-°^ t,sM" ^ 
tr.e decay of the com.pound nuclear state having spin J and parity 
Ti, that is 
vvnere i is the particle in any combination of nucleus and parti-
cle to v;hich the compound nuclear state can decay and X is any 
szate, bound or unbound, in the residual nucleus that is ener-
gexically accessible from I^+j interacting with energy E^. 
The Equation (2.10) is the general expression for the 
total reaction cross-section of the reaction I^(j,k)L , integ-
rated over total solid angle, obtained in the framework of 
9 l'^  13) 
Hauser-Feshbach statistical theory of nuclear reactions ' ^* ' , 
In actual experiment, the target is generally in its ground 
state and \x is taken as zero. Further, the total cross-section 
c-,^ averaged overall energy states is given by 
^^\ T.(J^)Tj^(J^) 
c. = 2 cj^ k = ^ I (2J+1) -^ \ 
^^ ^ ^ (2J^+1)(2J.+1) J,T: T^ot^>^^ 
(2.11) 
wnere TAJ'^) = L TAJ^.I^S) and T,(J^) = L T^(j'^,l\s^)-
•^  l,s ^ ^ l',s' ^ 
23 : 
The transmission functions in the particle (neutron, pro-
ton, and alpha) channels have been evaluated using an equiva-
lent square-well representation of a V>foods-saxon optical poten-
14 lb) tial * ', using the relation 
T^ (J^,l,s) = l-exp(-47i S^PJL) ... (2.12) 
where S is the strength function, which varies with energy only 
slowly except near resonance energy region, f is the reflection 
factor and is nearly energy independent and P-, is the penetra-
tion factor of the particle through the equivalent square-well 
potential and is nearly energy independent. 
The photon transmission function has an entirely different 
form from that employed for neutrons, protons and alphas. By 
assuming that dipole transmission is the dominant one in the 
photon channel, the photon transmission function has been cal-
culated from the following relation 
T;;(J^) = T^(J^) = Z [TI (EI)+T^ (1/J)] + 
>.max 
/ / [T^(EI+T!'(rj)] X 
/^i^^fj''fTi^)diCd'!t^dJ^ ... (2.13) 
where the superscript v now indicates all excited states in the 
compound (residual) nucleus and where EI and MI indicate electric 
: 24 : 
and magnetic-dipole (transmission functions respectively and 
the sum and integrals are subject to tne appropriate dipole 
selection ruleso 
The nuclear level density formula used in the calculation 
was based on the 'Back-shifted Fermi Gas Model' and has the 
following form '' 
/"(€',J',-rt') = P^^^{e)f (€',J',Ti') ... (2.14) 
where Z+ot ^ ^ '^  "^^ ^ ^® total nuclear level density in the 
nucleus of atomic mass A and moment of inertia '"' at the exci-
tation energy^', given as : 
O (..^  - 0.482 exp [2l/a(6'-g) , 
and f ( £',J','ji') is the distribution of spins and parities at 
that energy normalized so that the sum overall spins and pari-
ties is unity, and a and o are two nuclear parameters to be 
determined emperically. 
2o2 Pre-equilibrium theory 
The statistical theory has been in use for more than half 
a century. The theory has very successfully explained the 
average behaviour of excitation function for nuclear reactions 
at intermediate energy. From the theoretical point of view 
also it is quite possible that compound nucleus of the statis-
tical model does not live-long enough to sample all the possible 
: 25 : 
corr.pounc states, i.e., the compound system decays before the 
tr.ermooynamical equilibrium has been reached. This possibility 
becomes more important at higher excitation energy and therefore, 
in nuclear reactions at high energies, it is necessary to con-
sider the emission of particles during equilibration of the 
compound system itself. During the nineteen sixties, evidence 
accumulated indicating that it is possible for particles to be 
emitted after the first stage of a nuclear interaction but long 
before the attainment of statistical equilibrium; these are the 
pre-equilibrium particles and the process is known as the pre-
equilibrium emission. The pre_equilibrium emission serves as a 
bridge between the two extremities, i.e., the direct and com-
pound processes. 
Many theories have been developed for accounting pre-
eouilibrium processes. The approach and the assumptions of 
most of the theories are quite different from each other. The 
acility of these theories to explain various experimental data 
such as angular distributions, excitation functions etc._, is 
also different. 
A General view of the various theories is presented in the 
17) 
present work. The computer code 'ALICE/ LIVEKMORE-82' has been 
usee to compute the excitation functions of a-induced reactions 
for com.parison with our experimental values. The computer code 
has been developed on the basis of hybrid model '' and the 
1 Q ori^  
geometry dependent hybrid model ' . These models belong to the 
semi- classical theories hence, in the following discussion 
: 26 : 
emphasis is given to semi-classical theories. Some of the 
irr.Dortant semi-classical theories are : 
2.2.1 Intranuclear Cascade Model 
2.2.2 Harp-Miller and Berne Model 
2.2.3 Exciton Model 
2.2.4 Hybrid Model 
2.2o5 Geometry Dependent Hybrid Model 
h.ost of these models are formulated with the core concept 
that the compound system initially involves only few degrees 
of freedom and passes through more complicated configurations 
until an equilibration is attained. 
2.2.1 Intranuclear Cascade Model 
The intranuclear cascade model (ICM) was first proposed by 
21^ 22-27) 
Serber ' and modified by others ^ to explain various ex-
perimental nuclear reaction data. A simple diagramatic repre-
sentation of the cascade model is shown in Fig. 2.1o Here it 
may be seen that the succession of two oody interactions is 
followed in three dimensional geometry. In calculations, tra-
jectories of the nucleons are followed one at a time during the 
cascade until some arbitrary energy generally considerably above 
the average equilibrium value has been attained by the nucleon^ 
»Vhile, in principle, the time evolution of the reaction can be 
generated from such an approach, but the actual calculations 
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become more involved after a few collision steps. Various 
forms for the nuclear potential wells, like square v;ell, Fermi 
distribution from electron scattering data and nuclear density 
distributions have been used. The cascade model is the only 
model which predicts angular momentum of emitted particles. 
But, in the medium range energy, it does not predict them very 
well. 
2o2.2 Harp-Miller and Berne Model 
The physical description of the Harp-Miller-Berne (H/vlB) 
model '1 is given in Fig. 2.2 consider the initiation of the 
reaction at an initial time TQ » as shown on the left of the 
figure. Energy bins of some width, e.g. 1 MeV, are defined and 
the number of available single particle levels in each bin are 
then calculated generally using a Fermi gas distribution and 
are stored. The calculation can be done either beginning with 
sone initial arbitrary population of excited particles and holes, 
or v;ith a nucleus in the ground state. The fractional occupa-
tion of each bin is followed in calculation as a function of 
time. For a given incident nucleon, the rate of allowed 
transitions with all nucleons in the nucleus is computed, as 
is the rate of emission of the particle into the continuum. 
Nucleon-nucleon scattering cross-sections are used for calcula-
ting the two-body transition rates v;ith each energy partition 
being assigned equal-a-priori probability. Transmission rates 
into continuum are calculated using the free particle phase 
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sr-ce factors and inverse cross-sections. The particle flux 
is divided in proportion to be rate at which the particle may 
be emitted versus the rate at which it may make an internal 
transition. 
After calculating the relative probabilities of scattering 
into and out of each bin and of emission from bins above the 
particle binding energies, populations of all bins are changed 
accordingly, as shown in the centre of Fig. 2.2. The calcula-
tion is repeated in units of time that are short with respect 
to the N-N collision time. The solution of equilibrium problem 
in this model depends on computer solution of a set of coupled 
differential equations. 
Later, Harp and Miller ' considered the nucleus to be 
composed of independent proton and neutron Fermi gases. The 
internal configuration of any nucleus at any instantaneous time 
is specified by the proton and neutron occupation numbers. It 
is also assumed that the equilibration of the gases takes place 
through binary nucleon-nucleon collisions. Correspondingly, a 
new set of master equations is obtained, the solution of which 
gives the proton and neutron occupation numbers. 
2.2.3 Exciton Model 
The Exciton Model (EM) was proposed by Griffin ' and 
later modified by many workers "* ' for explaining various 
experimental nuclear reaction data. In this model, it was 
31 : 
assumed that equilibration between target and projectile was 
acnieved by a succession of tvyo-body interactions o Each state 
is characterized by the number of excited particles (p) plus 
holes (h) (or excitons, n=p4-h) defined with respect to Fermi 
energy of the target. The physical concept of the exciton 
model is illustrated in Fig. 2o3. A nucleon is shown entering 
the nuclear potential on the left. All the fermions are in 
their ground state. The first interaction would, therefore, 
lead to a 2plh (two particles plus one hole) state and it is 
assumed that any configuration is equally likely. This could 
be followed by a transition between one of the two excited 
particles and a particle in the ground state, or with the other 
excited particle. This could lead either to a 3p2h state, but 
to the original configuration, or to a different 2plh state. 
The likehood of each occurance is assumed to be proportional to 
the density of the accessible final states. Since the initial 
simple configurations have far fewer than the equilibrium parti-
cle hole numbers, the level densities are rapidly increasing 
functions of increasing p-h number, and the system goes predo-
minantly in the direction of equilibrium as indicated in 
Fig. 2o3 by the larger arrows in that direction. 
For a given configuration specified by the particle-hole 
number, some fraction will havfe atleast one particle with 
energy in excess of its binding energy. The fraction of parti-
cles in a given exciton number state which one at a given energy 
+^B above the Fermi energy (where B is the particle binding 
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energy and 6 is the channel energy of the particle) , can be 
co-Tiputed and from it the relative probaoility of emission of a 
particle having such kinetic energy can be calculated. 
Obviously, the initial states of simpler configurations 
have highest probability of emitting energetic particles* As 
the p-h number increases towards the equilibrium value, the 
probability that anyone particle has some high energy exponen-
tially decreases and hence the emission rate for such process. 
30') Griffin ' made the ad-hoc statistical assumption that every 
partition of energy for a given exciton number occured with 
equal a-priori probability during the equilibratibn process. 
It was further assumed that a pre-dominance of transitions to 
more complicated states relative to those simpler states, as 
the exciton state densities are rapidly increasing functions of 
the exciton number. The decay probability is computed in the 
exciton model as a sum over contributions from states from 
some initial exciton number n to the equilibrium value n. 
Since all transitions are assumed to proceed by binary process-
es, each state has one particle and one hole more than the 
preceding state in the equilibration sequence (see Fig. 2.3), 
and the sum over states is taken in units of ^n = +2. 
Intermediate state densities play an important role in 
exciton model. The first order approach to this density func-
tion is to assume that a nucleus behave like a degenerate Fermi 
gas and further that all levels are equally spaced. The den-
sity of states of a system p excited particles and h holes with 
: 34 : 
single-particle level density g at excitation E was given by 
39") Ericson ' as 
/? ^(E) = /'^(E) = ^ ^ ^ ' ^ ; " " \ . . . (2.15) 
^' p ! h ! ( n - l ) ! 
Another expression in which the Pauli principle is taken into 
40) 
consideration is given by Williams ' as 
g[gE-A(p,h)]'^-^ 
/>(E) = ... (2.16) 
" P!h!(n-1)! 
where A (p,h) = •^  (p^+h^+p-h) - -^  h 
and n = p+h 
It will be assumed that the fraction of n-exciton states 
in which one particle is at an energy^+B above the Fermi energy 
is given by the ratio 
/'„(U,E)//J,(E) = /'p_,(U,E)//'p^,(E) 
v;here U is the residual excitation if there is particle emi-
ssion With channel energy 4 . Then the probability of decay 
from an n exciton state is given by 
/l(U,6) 47ip2dp av ^  
V O d . = (2S.1) [ ^ ^ ] - _ ^ . _ T„ 
(2.17) 
v/here T is the mean life time of an n exciton state, the 
other factors being the particle spin degeneracy, the phase 
space and penetrability factors. The total decay probability 
Ic obtained from Equation (2.17) by substituting for the level 
densities from Equation (2.16) and summing it from initial 
exciton number n to the equilibrium exciton number (n) in 
steps of An = +2. 
n 
I 
n=n^ 
n=+2 
P(Oci<J = ^ Pn (^ )c l^ 
2 s+1 n ,, ^ o 
= 2 3 "^^^ ^ ( F ) P ( n - l ) T d ^ 
•n fi gE n=nQ 
n=+2 
( 2 . 1 8 ) 
The mean life-time 7 may be evaluated on a relative 
basis '', by the Golden rule of Fermi, 
K,n^ = Irl^l^^n'^^) ••° (2.19) 
where A , is the transition rate from a given initial n 
n,n' ^ 
exciton state to any of the accessible n' exciton final states, 
\hul is the matrix element for the residual two-body interaction, 
and /^i(E) is the density of accessible final states. 
40) William ' has given formulas for the average number of 
accessible states for each types of transition as follows : 
K = ^)M|2 —i-iL- ... (2.20) 
"" ^ (p+h+1) 
A> = |rlM|2g[p.h.(p+h-2)] ... (2.21) 
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where g is the density of single-particle levels and A^, X_, A 
are the average density of accessible states for transition in 
which the exciton number changes by +2, -2 and 0. It.may be 
seen from these results that •^ n+2'^ '*''^ n-2 ^^ n<<n. Assuming 
that ^n+2 ~ n^-.2 ^ ^ equilibrium (n=n), it follows that 
n = -fSgE ..o (2.23) 
Due to the fact that the two-body interaction matrix |M| is not 
well known, the exciton model can give only the relative yields. 
As can be seen from Williams '' expressions (2.20 - 2.22), the 
matrix element IU\ has been used. At low excitation energies, 
3b) it is reasonable to assume energy independent matrix element ', 
while at higher excitations energy dependent matrix elements 
33) 
are used. According to Kalbach-cline , the following expre-
ssion can be used for the energy dependence of matrix element 
|MJ^ = K.A""^  E""-^  ... (2.24) 
where A is the mass of the excited nucleus and E is, the exci-
4-3 41 ) 
tation energy. The value of K ranges from 95 to 70CXD MeV . 
The following expressions for the residual two-body matrix 
34) 
element are proposed recently by Kalbach ' 
(2.25) 
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|MJ^(n,E) = - ^ (__^)l/2 2 MeV <e< 7 MeV 
A-e ^ "'-^  
(2.26) 
MJ^(n,E) = - ^ 7 MeV <e< 15 MeV 
A3 e (2o27) 
(2.28) 
A3r ' ^ 
'e 
where e = E/n is the average excitation energy per exciton. 
30) The model due to Griffin ^ thus avoids the problem of 
following bin population by substituting density of states 
characterized by exciton number. 
2.2.4 Hybrid Model 
18) The hybrid model was proposed by Blann ' in which the 
30) basic principles of the exciton model ^ and those of the Harp-
28) 
iV.iller-Berne model ' are incorporated. In this model, multi-
ple pre-equilibrium particle emission alongwith the compound 
( equilibrium) decay is considered, whereas the spectra of 
emitted particles are calculated for each step in the energy 
dissipation process induced by the interaction between projec-
tile and traget nucleons. The calculation starts with an 
initial number of excitons i.e., particle above and hole below 
the Fermi level induced by primary interaction and proceeds to 
states with an increasing exciton number. The energy brought 
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in by the interacting nucleon is snared among all the nucleons 
in different stages in a two-body nucleon-nucleon (N-N) colli-
sion process. Hence a pre-equilibrium decay of a single nucleon 
or a cluster of nucleons (multi-particles) are possible before 
the system is equilibrated. 
The pre-equilibrium decay probability in the hybrid model 
is given by * ' 
n ^ /l(U,€) ^ ^ A (€) 
P,(Ode = ^,^^[nP,-#^^^ gd€].[ A^(,^. A,(0 ^ ^ n 
n 
I nPy(4)d€ ... (2.29) 
n=n^ 
where Py(€)d£ is the probability of finding a particle proton 
or neutron) in the channel energy range € to €+d£, nPj; is the 
number of particles of the type i) in them, if emitted into 
continuum, would have channel energy € ,/^(E) is the usual 
n-exciton state density. The quantity in the first set of 
brackets represents the number of particles of type u which 
could be emitted in the energy range 6 to €+d6 and U=E-B^ -6, 
where By is the binding energy of particle type ^j . The quan-
tity in the second set of brackets represents the probability 
of those particles being emitted into continuum; X {€) is the 
rate of emission of the particles into continuum with channel 
energy ^ and A (6) is the rate of intranuclear transitions for 
those particles. The factor D represents the fraction of the 
initial population surviving de-exitation by particle emission 
: 39 : 
prior to tne n-excixon state under consideration. 
The nucleon-nucleon scattering rate is based on either 
the imaginary optical potential, where the mean free path is 
given by ^ 
1/2 
A+(E) = IJJJ ~ ( E + V ) + l/(E+V)^ + W" ... (2.30) 
-2 
== isw V 2m ^£^^) ... (2.31) 
or on Pauli corrected nucleon-nucleon scattering cross-
sections, where the mean free path is given by ' 
A+(e) = ; ^ ... (2.32) 
where P is the density of nuclear matter and a~ is the Pauli 
corrected nucleon-nucleon (N-N) scattering cross-section, 
approximately weighted for target neutron and proton number. 
The transition rate is th6 quotient of nucleon velocity 
divided by the mean free path. A closed form expression valid 
44) for nuclear matter of average density was given ' 
A^(£) = lo4xlO^-'-(6+B^)-6xlO-'-^(6+B^)^/sec. ... (2.33) 
where € +B is the energy of nucleon i; above the Fermi energy. 
The continuum emission rate, XA^) is given by microscopic 
reversibility as 
A,(e) = (2s-fl)-A. 47rp^ dp , _ ^ ^^^ ^2.34) 
40 
wnere s is the nucleon spin, _ru is the laboratory volume, p 
is the nucleon momentum, g is the single particle level densi-
ty in the nucleus, v is the nucleon velocity in the laboratory, 
and a the inverse cross-section. Vk'ith these two Equations (2.33) 
and (2o34) and the Ericson density expression (Equation 2.15), 
we can calculate absolute pre-equilibrium spectra with Equation 
(2.29). When we calculate N-N collision rates, there are two 
options, one is to use the imaginary optical potential given by 
45) 
Becchetti and Greenlees ', the other is to use Equation (2.32) 
i43) 
weighted for composite nucleus N and Z. 
calculating a based on expressions due to Kikuchi and Kewa 
2.2.1o5 Geometry Dependent Hybrid Model 
19) The geometry dependent hybrid (GDH) model ' is a revised 
18) 
version of the hybrid model '. In the GDH model the diffused 
surface properties of nucleus are taken into consideration by 
employing the Fermi level density distribution function. To 
incorporate the diffused surface properties of nucleus in the 
GDH models the exciton state densities /> and the intranuclear 
transition rates have been treated as a function of nuclear 
density. Therefore, the energy differential pre-equilibrium 
cross-section for particle emission in the GDH model is given 
by^2) 
dCj, (^  ) 9 " 
— ^ — = %)r Z (2H-1)T,R, (1,€) ... (2.35) 
°^ 1=0 ^ 
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J. L 
vjhexe P^  (1>6) cl€ is same as Py (6) d& but evaluated for 1 
partial wave. When the system is equilibrated, its de-excita-
tion is followed by the 'weisskopf-Ewing ^ evaporation model 
while level density A u ) is calculated using the Fermi gas 
level density formulao 
In the geometry dependent hybrid model, the nuclear level 
46) density is given by a Fermi distribution ' as 
d(R-,^ ) = dg [exp(R;j^ -C)/0.55 fm + l]""^ ... (2.36) 
where d- is the saturation density of nuclear matter and the 
charge radius C is given by 
C = 1.07 A^^^ fm ... (2.37) 
47) taken from electron scattering results ^. The radius for the 
t h 
1^ " p a r t i a l wave was def ined by 
RjL = X(l + 1/2) . . . (2 .38) 
The charge radius C of Equation (2.37) has been replaced in 
the present parameterization by a value characteristic of matter 
(rather than charge) radius based on the droplet model work of 
48) Myers ', plus an ad-hoc projectile range parameter X » 
C = 1.18 A^/^ [l-(l/(lol8 A^/^)^)]+>: (2.39) 
where x is the reduced de-Broglie wave-length of the 
projectile. 
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In the hybrid model the average nuclear density is cal-
culated by inxegration and averaging Equation (2.35) betv;een 
R=0 and R = C + 2.75 fmo The Fermi energy (^ )^ has been taken 
40 IvieV for saturation density and is assumed to vary as the 
average density to the two-thirds power. The value of 6^ so 
evaluated is used in defining the single particle level density 
'g' for all calculations, hybrid and GDH. The single particle 
46) level densities have been defined by ' 
n^ = * t - ^ ] ^ / ^ ... (2.40) 
gp - ^ L ^^ J ... (2o4i) 
In the hybrid model, the Pauli corrected nucleon-nucleon cross-
sections are used to evaluate the A_^ (€) of Equation (2.29), 
the average value of the Fermi energy (usually = 30 MeV) and 
density is used to define the nucleon mean free path (MFP) . In 
the geometry dependent hybrid model the Fermi energies and 
nuclear densities are defined according to impact parameter via 
Equation (2.38). Options have been employed using either the 
maximum density along each trajectory or an average. 
The hybrid ana geometry dependent hybrid models have been 
successful in reproducing a broad range of data ' » These models 
were able to reproduce experimental particle spectra B.^ well B^S 
excitation functions of the reactions induced by a-particles. 
: 43 : 
blann ^ calculated, tne particle spectra for (.a,p) reactions 
in medium and heavy mass nuclei at an cx-particle energy of 
55 MeV and compared the results v;ith experimental results of 
49) Chevarier et al. ' and found good agreement between the two. 
49-51) The author also compared the experimental particle spectra ' 
93 
for the Nb reaction at a-particle energies of 30.5, 42.0 and 
55.0 MeV with the calculated values obtained using the hybrid 
1 52) 
model and found a good agreement. It has also been shown * ' 
that the GDH model was able to predict the excitation functions 
93 
of the reaction Nb (a,xnyp) for x<^ 10, y<.6 and for cx-particle 
energies from 16 to 171 MeV. 
44 : 
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CHAPTER - III 
NUCLEAR MODEL CODE 
In order to describe and interpret the measurements, the 
aavancement of experimental techniques has been taken into 
account with parallel advancement of nuclear theories and 
models as well. To meet the nuclear data requirements which 
are still difficult, impractical, or even impossible with pre-
sent experimental techniques ^, the theoretical capability of 
the models has significant importance. Pre-equilibrium model 
codes are useful for prediction and calculations of reaction 
cross-sections and particle spectra for important practical 
applications '» 
Computer codes incorporating different nuclear models 
have been developed according to the data needs. Before using 
a code for mass data predictions, intensive testing of the 
code is required to verify its validity. In the present work 
tne code ' ALICE/LlVERj"wORE-82^^ has been used for the study of 
excitation functions of a-particle induced reactions. The 
code 'ALICE/LIVER//iORE-82', which is a revision of the ALICE^^ 
and OVERLAID ALICE ^ codes, has been formulated for performing 
pre-equilibrium, compound/statistical fission calculations in 
the general framework of the Weisskopf-Ewing evaporation model 
tne Bohr-wheeler transition state model for fission * ' and 
the hybrid/geometry dependent hybrid models for pre-equilibrium 
: 49 : 
cecay^'lO) 
3.1 Types of calculation available in code 
This computer code can perform several types of calcula-
tions and combinations of the following types : 
ft '\ 
(1) A standard Weisskopf-Ewing calculation '' with multiple 
particle emission may be done. Emitted particles may be either 
neutrons; n and p; n, p and a; or n,p,a and d. Excitation 
energies of the compound nucleus upto 200 MeV can be consider-
ed. The residual nuclei of a grid 11 mass units wide by 9 
atomic numbers deep,may be calculated by this code. Particle 
spectra may be selected in the output, in addition to indivi-
dual product yields and fission cross-sections. 
The inverse reaction cross-sections as used in the present 
program, may either be read in from cards, computed with a 
classical sharp cutoff model, or by default are computed by 
an optical model subroutine. The evaporation cascade is com-
puted with a bin width of 1 MeV. 
(2) An s-wave approximation * ' may be selected, which gives 
an upper limit to the enhancement of y-^ay de-excitation due to 
angular momentum effects. In this option, the cross-section 
for emitting a particle at channel energy i is evaluated for 
every partial wave in the entrance channel. It is assumed that 
the rotational energy for each partial wave is irrevocably 
50 : 
committed to rotational motion and therefore no energy is 
available for particle emission. The rotational energy versus 
J may be selected either as the rigid spherical rotor value, 
or from the equilibrium deformed rotating liquid drop model of 
13") Cohen et al. ' . The transmission coefficients for the 
entrance channel partial waves to be used in the computation 
can be read in from cards or by default will be provided by 
the parabolic model '' subroutine for projectiles of atomic 
number ^ 2 or by the optical model subroutine for neutrons, 
protons and deuterons. 
(3) The evaporation calculation can include fission competi-
tion according to the Bohr-Wheeler approach ', using angular 
momentum dependent ground state and saddle point energies. 
13) These energies are taken from Cohen et al. '' rotating liquid 
drop calculations. The calculations are performed for each 
partial wave; upper and lower limits on angular momentum may 
be selected. There is provision in the input to modify the 
liquid drop fission barriers by some multiplicative factor, 
as well as the ratio of ground state to saddle point level 
densities ( f/ n) (default = 1). There is an option in which 
it is assumed that nucleon emission reduces the daughter 
nucleus angular momentum by 1ft from that of the parent nucleus 
There is also a provision in this code for pre-equilibrium 
emission via the hybrid/geometry dependent hybrid models. 
51 
3.2 Formulations 
The cross-section for emitting a particle at channel 
3 15) 
energy 6 may be written as * ' 
(|f), = ^^ '' ^ (2I+l)T.(2Sy+l) I T^{€) Z A E , J ) / D 
°^ ^  1=0 ^ 1=0 "^  J=|l-l| 
(3.1) 
where A denotes the reduced de-Broglie wavelength of the 
incident ion, Tj is the transmission coefficient for the I ^ 
partial wave of the incident ion, /'(E,J) is the spin-
dependent level density for the residual nucleus, D is the 
integral of the numerator over all particles and emission 
energies and the remaining symbols are listed in Table - 3.1. 
For simplification, assume that the level density /'(EfJ) 
is replaced by P{Efl) in Equation (3.1). Then 
(^) = -KX"- E (2I+l)T.(2s^+l) I (21+1)T^(6)/^(E,I)/D 
° V 1=0 ^ ^ 1=0 ^ 
(3.2) 
I (21+l)TJ-(£) = 2aj^(£)m6M^ ..o (3.3) 
1=0 
(^)^ = Z o^-2(2Sy+l)ay(6)m£ P(E,I)/D' ... (3o4) 
which has commonly been called the s-wave approximation. In 
this assumption, it has not been assumed that the emitted 
: 52 : 
Table - 3.1 Definition of Symbols 
Hp = Fission width 
r = Particle-emission width 
I = Emitting nucleus angular momentum 
J^  = Residual nucleus angular momentum 
S = Intrinsic spin of particle i; (with v = n,p,d, 
or a) 
B = Binding energy of particle v(with iJ = n,p,d, or a) 
T„(S) = Transmission coefficient for kinetic energy^ 
and orbital angular momentum 1 
A. = Level density at fission saddle point 
A = Level density for particle emission 
a^ = Single-particle level density at fission saddle 
poin-t, used in A. 
a = Single particle level aensity at equilibrium 
deformation used in A 
B(I) = Rotating-liquid-drop fission barrier at 
angular momentum I 
B^ = Scaling parameter to adjust tne fission barriers 
E . (I) = Rotational energy for a nucleus at angular 
momentum I and equilibrium deformation from RLDM 
E (I) = Rotational energy of a nucleus with angular 
momentum I at the saddle point deformation from 
RLDM 
E = Excitation energy in the emitting (fissioning) 
nucleus 
particles consist of only s-waves, but the initial angular 
momentum is preserved for each partial wave, i.e. it is impli-
citly assumed that the compound nucleus angular momentum 
reasonably represents the average residual nucleus angular 
momentum following particle evaporation. The above equations 
can further be simplified assuming that the nuclear moment of 
inertia is infinite. Then, the result of Weisskopf compound 
nucleus model ' is obtained. Thus, if 
P(E,I)a(2I+l)/'[E-Ej^Q^(l)3 ... (3.5) 
with 
Ej^Q^(I) = 0 ... (3.6) 
we obtain 
{ ^ \ = ? aj(2s^+l)a^(Ome/'(E)/D' ... (3.7) 
the expression of Weisskopf. 
Consider the physical meaning of these approximations in 
terms of the contour diagrams of Fig. 3.1. An infinite moment 
of inertia means that there is no level density cutoff at high 
spin; all populations above the particle binding energy can 
emit another particle. Assigning a finite moment of inertia 
reduces the phase space for emission from nuclei at high an-
gular momentum, as is shown by the hatched region of Fig. 3.1. 
Consider the E-J plane of Fig. 3.1, and the assumption 
of an infinite moment of inertia. In this case, since there 
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Fig. 3.1 E-J Contour diagram for compound 
nucleus particle evaporation. 
(Ref. 3) 
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is no energy associated to rotaxion - any nucleus with energy 
greater than the particle binding energy (horizontal dashed 
line in Fig. 3.1) can emit another particle, and population 
below the particle binding energy cannot emit further parti-
cles , de-exciting instead by y-ray emission. The angular momen-
tum of the nuclide does not play any important role, hence, is 
of no consequence in this particular mode. 
Now consider the s-wave approximation as represented by 
Equation (3.2). An yrast line is defined implicitly and the 
phase space for particle emission is reduced as I increases. 
This can be seen from the level density approximation of 
Equation (3.5) where the level density spin dependence is 
simply entered as the energy available at each I above the 
yrast line. But the calculation now does not recognize the 
coupling of the orbital angular momentum of the out going 
particle. Therefore, the initial spin distributions are pre-
served. The emission of particle does not take place at each 
value of the angular momentum where the excitation energy 
equals the yrast energy plus the particle binding energy. This 
approximation may be seen to give enhanced y^^Y emission for 
higher angular momentum. It will give a broader excitation 
function for a particular product yield, and a shift to 
higher apparent threshold energies with increasing excitation 
ana, therefore, higher angular momenta. These effects are 
mass dependent, as the yrast line reflects the nuclear moment 
of inertia. 
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The s-wave approximation cannot predict decay path chara-
cteristics which are sensitive to angular momentum and come 
from calculation of Equation (3.1). These details are mass, 
angular momentum and excitation energy dependent. The reasons 
for this can be seen in Fig. 3.1 by considering the range of 
residual angular momentum available for neutron, proton and 
alpha emission as a function of I and E of the emitting nucl-
eus. To our knowledge, there is no easy way to accurately 
approximate these calculations, nor the changes between initial 
and final angular momentum without performing a calculation 
of the type represented by Equation (3.1). If it is desirous 
to predict, e.g., J-distributions of residual nuclei, such a 
calculation would be the best but definitely higher in terms of 
computer costs. If one wanted an estimate of product yields, 
it is rather to do simple s-wave and VVeisskopf calculations. 
The general expressions for the particle emission and 
fission widths, ufeing saddle point and yrast energies based 
upon the RLDM are : 
CO I+l mm i/ 
r a ( 2 s ^ +1) Z Z ,(2J+1) / &^-^m±J^^-^i'-^'^' 
1=0 j = | l - l l O y mxn 
Ti(Ode 
E-Esp(I) 
r^ cx(2I+l) / A [ E - E _ ( l ) - k ] d k 
I Q I SP 
( 3 .8 ) 
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The symbols appearing in Equation (3.8) are defined in 
Table - 3.1. 
Now let us consider the logic of the computer code used to 
evaluate Equations (3.1) to (3.8)o The core of the computer is 
divided into a chart of nuclides as shown in Fig. 3.2. There 
is a compound nucleus which is formed at some excitation energy 
and with some cross-section. The Weisskopf calculation is then 
used with a 1-MeV grid size to perform the evaporation of a 
neutron, proton, alpha or deuteron storing the residual nucleus 
population into the appropriate bin. If an s-wave calculation 
is selected, a suitable distribution of compound nucleus exci-
tations is used as a starting point. 
The logic or control, then moves over to the A-1 bin, the 
bin following neutron emission, after the neutron, proton, 
deuteron and alpha emission residual nucleus populations have 
been stored. The code uses the number of millibarns in the 
highest energy bin A-1 and redistributes that cross-section in 
the same manner. It then moves down to the next residual exci-
tation bin, and so orif until it has redistributed all the 
cross-section and summed it in the appropriate bins of the 
residual nuclides. It repeats this logic, going across the A 
as far as requested by an input parameter (upto 11 mass units). 
Next it drops down in Z to the nucleus A-1, Z-1 and it repeats 
the process, etc. 
Fission competition can also be computed for each nuclide, 
in which case the calculation is done for each partial wave in 
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the entrance channel assuming s-wave approximation or some other 
arbitrary assumption as to change in angular momentum in popu-
lating a given residual nuclide. This has not been included in 
the present calculation. Spin dependent codes ALERT I and 
ALERT II can be used if more rigorous calculations are needed. 
Although, this option has not been incorporated in the present 
work. 
3.3 Code subroutines 
There are several subroutines in this code. 
3.3ol LYMASS (BINDEN, MASS) 
The LYfAASS subroutine calculates the Q-value for formation 
of the compound nucleus and the neutron, proton, alpha and 
deuteron binding energies for all nuclides of interest in the 
evaporation chain. The calculation is done using the Myers-
Swiatecki/Lysekil mass formula ' , 
The option exists (JMC> 10) of selecting experimental masses 
wnere known, using the mass formula only v,/hen experimental mass-
es are not contained in the Table (AAASS). When the option of 
17) 
experimental masses is selected ', the Q-value and binding 
energies are both computed using experimental masses. The 
experimental nuclidic mass routines (BIIOEN, MASS) are called-
up by the LY/vlASS subroutine. 
: 60 : 
3.3.1.1 Pairing options 
There are four basic pairing options available in the 
code through the input variable (Switch) MP, which may be 
MP = 0,1,2 or 3. The options are defined as follows : 
MP = 0 Masses are calculated using a mass formula with the 
odd-even pairing term equal to zero for all nuclides. 
This option includes the odd-even effect, if any, on 
level densitieso 
MP = 1 Masses are calculated using either experimental masses 
or Lysekil masses with the pairing term h = ll/YA 
taken as zero for even-even nuclides, -h for odd-even 
and -2§ for odd-odd nuclides. This gives a back shifted 
level density/pairing treatment '. 
MP = 2 Pairing values may be fed for each nuclide in the A 
by Z array of interest defined by input parameters 
NA, NZ. Actually pairing values must be supplied for 
an array NA+2 by NZ+2. 
t^ = 3 All masses are calculated using either experimental 
masses or Lysekil masses with the pairing term 
o = ll/V^ taken as zero for odd-even nuclides, 3 for 
even-even nuclides, and S for odd-odd nuclides. 
V^ hen effective excitations are computed for use in 
level densities, the thermodynamic energies are re-
duced by 0. The author of this code has recommended 
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the option, 1/iP = 3. 
3o3.1o2 Experimental masses 
Lysekil masses are replaced by experimental masses for 
UJZ = 10 o 
3.3.2 OVER (TLJ) 
These are optical model subroutines, used to calculate 
inverse reaction cross-sections for neutrons, protons, deu-
terons and alpha particles. They are also used to calculate 
reaction and partial reaction cross-sections when neutrons, 
protons or deuterons are projectiles. In these subroutines 
when they are used, the major part of computational time is 
ordinarily spent. 
3o3o3 SIGI 
This is a subroutine which uses classical sharp-cutoff 
algorithms to compute inverse reaction cross-sections. This 
subroutine requires less than lyi of the time of the optical 
model routine OVER. 
3.3.4 PARAP 
In subroutine PARAP, all reaction cross-sections and 
partial reaction cross-sections other than for incident neu-
trons, protons or deuterons, or unless read in as input, are 
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calculated using the parabolic model-
3.3.5 FISROT 
In this subroutine, angular momentum dependent liquid 
drop fission barriers, saddle point and ground state energies 
are calculated using the rotating liquid drop model of Cohen, 
la) Plasil and Swiatecki ' , 
3o3o6 HYBRID (MFP, NUCMFP) 
This subroutine calculates pre-compound decay using the 
hybrid ' and geometry-dependent hybrid models ^ . The present 
code version will select most pre-compound parameters through 
built in default options o The J-vlFP subroutine supplies intra-
19) 
nuclear transition rates using the nuclear optical model ' • 
whereas NUCIv'iFP uses Pauli corrected nucleon-nucleon scattering 
20) 
cross-sections for this purpose '. These intranuclear transi-
tion rates, and their role in pre<:ompound decay are discussed 
in Ref. 21o 
3o3c7 PLT/PLEX 
These subroutines can be used to plot excitation functions 
on the output device for printed output. 
3<,3.8 SHAFT 
This subroutine is used for many of the print statements 
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for cross-sections and spectra. 
3.4 Use of the Code 
The present version of the code uses a stored table of 
level densities pow (2000) represented by the following formula 
P{U) = (U - 8)"^/"^ exp(2Va(U-6)) 
where the default value of 'a' is A/9. The mass number used 
for all cases is that of the compound nucleus instead of the 
residual nuclei. It would be useful to replace pow (IB) by 
(IB/10)~^/^ exp 2(VX~r^lB7IO), where 'flot of IB' is the resi-
dual excitation times ten, were Si represents the mass number 
of the residual nucleus divided by PUD (default = 9). This 
provides space savings by removing pow (2000) array and give 
more accurate resultso There would be some increases in CPU 
time for most applications if this were done. 
In the present code, another point of accuracy involves 
the use of a 1 MeV bin size instead of 0o5 MeV which has been 
used in the earliest codeo Summations for product yields are 
over bins of excitation 1 MeV wide-up to the binding energy of 
the least tightly bound particle plus energies for which charged 
particle inverse cross-sections are zeroo There is no inter-
polation of cross-section within a bin, so the summation is 
performed to the nearest integer bin. Since particle binding 
energies are roughly 5 MeV, this represents a binning uncertainty 
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of the order of 20;^  which is less than the other total un-
certainties in the calculations. However, that if one calcu-
lates e.g. excitation functions using input every 1 MeV in the 
laboratory system, the conversion into the CM system will cause 
jumps in the number of bins integrated for product yields, 
imposing a slight sawtooth effect into individual product 
yields. 
Another compromise involves in the calculation of the 
inverse reaction cross-sections. When the optical model sub-
routines are used the inverse reaction cross-sections are cal-
culated only for the (A,Z) of the compound nucleus. When the 
classical sharp-cutoff routine is used, the inverse reaction 
cross-sections are recalculated each time the Z of the emitting 
nuclei changes; the mass assumed is taken to be the compound 
nucleus mass less 2LZt where AZ is the difference between 
original compound nucleus Z and emitting nucleus Z. 
The present code has been modified so that input sub-
routines can easily be removed from the code and used separately 
to provide input files. This v;ould result in very large program 
core size reductions. 
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CHAPTER - IV 
EXPERIMEm'AL TECHNIQUE AND MEASUREMENTS 
A nuclear reaction is a process that occurs v/hen a nuclear 
particle (nucleon or nucleus) gets into close contact with an-
other. Most of the known nuclear reactions are produced by 
exposing different materials to a beam of accelerated nuclear 
particles from a particle accelerator, a reactor, a radioactive 
source or cosmic radiation. Usually a strong energy and momen-
tum exchange takes place and the final products of the reactions 
are one, two or more nuclear particles leaving the point of 
close contact in various directions. The strength of a 
particular nuclear reaction is usually expressed in terms of a 
-24 2 parameter called 'Cross-section* measured in Units of 10 cm , 
which as defined as equal to 'barn' and abbreviated as b. 
The two important techniques which are usually employed in 
the measurement of alpha particle induced reaction cross-sections 
are : 
1. In-beam or on-line studies 
2. Off-beam or off-line studies 
1. In-beam studies 
In this technique the detection of radiations is done 
simultaneously with the irradiation of the target. The reaction 
cross-sections for a particular reaction can be studied by 
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analysing the emitted particles or prompt gamma ray spectra 
associated with the reaction. In this technique, the decay 
scheme of the residual nuclei should be well known. The gamma 
ray spectra are generally complex and sometimes y-y coincidences 
are necessary for the proper identification of gamma rays. The 
gamma ray detector should be well shielded from the neutrons 
coming from background, emitted in the reaction. 
2. Off-beam studies 
In this technique the detection of radiation and irradia-
tion of the target are done separately. The principle of this 
technique is to analyze the activity of residual nucleus ob-
tained from a particular reaction. Therefore, we may call it 
the 'activation technique'. The beta or gamma activities asso-
ciated with the residual nucleus can be studied by using the 
appropriate detectors. Although this technique has several 
advantages, but is limited to those isotopes which are stable 
and whose product nuclides are un-stable and have convenient 
half-lives. Moreover, the decay scheme of the product nuclei 
should be well established. The high sensitivity with which 
this induced activity can be detected and the individually 
characteristic modes of decay of each radioisotope, leads to 
the many advantages inherent in this technique. Among these 
particular advantages are ; extremely high sensitivity; selec-
tivity and the possibility of non-destructive analysis. Cross-
sections ^ lp.b have been measured ' using the activation 
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technique. In the present measurements, the off-line studies 
have been done. Following are the details of formulation : 
4.1 Formulation 
Let us consider the decay rate equation governing the nu-
clear transformation and decay of the activated product, when 
a target is irradiated to a constant flux ^ of projectiles, the 
2 3) 
rate of production of any activity, R can be written as * ' 
Rp = o $ NQ ... (4.1) 
where N^ (= mNf/Ao) ®^ "^^^ number of target nuclei of the iso-
tope under investigation present in the sample, m is the mass of 
the element in grams, N is the Avogadros number, f is the abun-
dance of the isotope in the target, A. is the atomic weight of 
the element and a is the activation cross-section. 
Let t be the time of irradiation of a target by a constant 
alpha beam with flux (J, which yield a certain radioactive reac-
tion product X. The equation which governs the growth of X-type 
activity during irradiation can be written as 
^ = a $ NQ - XAv ... (4.2) 
where A is the decay constant of X-type of activated nuclei 
and X is the number of radioactive atoms present. If the irra-
diation is carried out for time tj^ , then the activity of X-type 
nuclei in the specimen at the instant when the irradiation of 
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the sample was just stopped, will be given by 
W = X Q X = a ^ NQ [l - exp(- Xtj^)] ... (4.3) 
where [l-exp(- Xtj^ )] is called the saturation factor. 
If the activity of the radioactive nucleus X is measured 
after a time t' froiti the stop of irradiation, the activity at 
that moment will be given by 
||r = W exp (-Xf) = X^ A exp(-Xf) 
or ^ = o (j) NQ [l-exp(-AtjL)] exp(-At') 
or dX = or ^  NQ [l-exp(-At-^)] exp(- At')clt' ... (4.4) 
Let us suppose that C be the actual number of disintegra-
tions of the sample during a time period tg starting after a 
time t2 from the stop of the irradiation. Then the number of 
disintegrations C, can be obtained by integrating Equation (4.4) 
in the time interval t2 and t2 + t^ as 
t2+t3 
C =/dX = a § NQ [l-exp(- At^)] / exp(-At')df 
a (} N [l-exp(- At,)] [l-exp(-At3)] 
or C = 2 i i ... (4.5) 
Aexp A t^ 
Now, if A is the number of counts observed during the time 
interval t^ by the counting device, € is the detector efficiency 
of the detector, G is the geometry factor, 0 is the absolute 
intensity of a particular gamma ray and K is the correction 
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factor for gamma self-absorption in the disc shaped target 
5) given as ' 
K = [l-exp(-^d)]/^id 
where p. is the gamma ray absorption coefficient taken from re-
ference 6 and d is the thickness of the disc shaped target under 
investigation, then the actual number of disintegration C will 
be given as 
(4.6) 
£.G.9.K 
From Equations (4.5) and (4.6) we can write, 
A. A .exp At2 
a = $.NQ.(^.G).O.K[l-exp(- Atj^)J[l-exp(- At3)] 
(4.7) 
have 
We/used Equation (4.7) in the determination of activation 
cross-sections. 
In the measurement, the experimental cross-secticn value 
for a given reaction has been taken as the weighted average of 
these individual cross-sections. The averaging of the data has 
7) been done using the following method '. 
If suppose X-, + AX,, Xr. + ^X2, x^ + ^x^ 
are the different measured values of the same quantity, then 
the weighted average 
ZW.x. 
X = ^^ ... (4.8) 
IW. 
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where 
W, = 2 
and 
The internal error = [ZW^]"-"-/^ ... (4.9) 
EW.(x-x^)^ ,/^ 
The external error = [ y^ /y^ i^Wvtf- -^  *** (4.10) 
Using Equations (4.7) to (4.10), a computer programme has been 
made to calculate cross-sections at various energies. 
4.2 Calibration and Detector Efficiency 
The word 'Calibration' means 'in accordance with' i.e., if 
the gamma rays expected to appear in the spectrum are well known 
in advance, the corresponding peaks can be readily indentified by 
inspection. On the other hand, the energy of any unknown gamma 
ray can be determined from calibration curve. Precise calibratior 
of the pulse height interms of absolute gamma ray energy is very 
important for proper identification of the photopeaks in a gamma 
8 9^  
ray spectrum * '. Accurate calibration requires standard sources 
having gamma energies that are not different from those to be 
measured. To account for these non-linearities over the whole 
energy range, it is useful to have multiple calibration peaks at 
various points along the measured energy range. In the present 
measurement, the energy calibration of the gamma ray spectrometer 
22 54 57 has been done using standard gamma ray sources Na, Mn, Co, 
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^n 1 "^3 137 152 
Co, Ba, Cs and Eu. The energy calibration curve 
(energy versus channel number) has been obtained by fitting the 
data to a straight line using a standard computer programme. 
Gamma rays of interest in the spectrum of irradiated samples have 
been identified using this energy calibration. 
The efficiency of a detector is a measure of how many pulses 
occur for a given number of gamma rays. It's knowledge is essen-
tial in the study of excitation functions. The use of individual 
standard sources in the determination of detection efficiencies 
may introduce some errors due to non-reproducibility of geometry. 
These errors may be removed by using a single multiple standard 
152 
source. In the present work, a standard source of Eu has been 
152 taken for the determination of detector efficiencies. Eu has 
a number of major gamma rays whose energy covers a range from 
122 KeV to 1408 KeV. 
The intrinsic photopeak detection efficiency, for a point 
source at different gamma energies can be determined by using 
the following relation : 
C exp(At) 
^ = ... (4.11) 
S^.e.G o 
where C is the number of events recorded in one second under the 
photopeak, Xis the decay constant of the radioactive nuclei, t 
is the time lapsed between start of counting and the date of 
fabrication of standard y^xay source, S is the actual number of 
radiation quanta emitted by the standard source per second at 
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the time of its fabrication, 9 is the absolute intensity of 
relevant gamma-ray and G is the geometry factor given by, 
G = -0-/47I, where -'^  is the solid angle in steradians subtended 
by the detector surface facing the source. By measuring the 
photopeak area over a fixed period of time under the various 
gamma peaks and by determining the detector solid angle from its 
di-mensions and source-detector distance, we can calculate the 
photopeak efficiency of the corresponding gamma rays. The 
source-detector distance is very critical factor which sould be 
measured accurately to minimize the errors in the reproducibility 
of the geometry. The probable error in the determination of the 
geometry factor has been avoided by determining the relative 
detection efficiencies as : 
C exp(At) 
^.Q = ... (4.12) 
S^.9 
Experimentally, C has been determined for each photopeak 
152 for a time period of about 30 minutes, keeping the Eu source 
at the desired geometry. The value of S is taken from the data 
supplied by the manufacturer and the values of '0' and T-,/2 
( \= O.693/T2/2) are taken from reference 10. The geometry 
dependent efficiencies (^  .G) have been determined at distances 
of 0.8 cm, 2.8 cm and 6.3 cm from the detector surface, geome-
tries used in the counting of gamma activities induced by the 
alpha particles. A typical geometry dependent efficiency curve 
of the 100 CO ORTEC Ge(Li) detector obtained at a distance of 
0.8 cm from the detector surface is shown in Fig. 4.1. 
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4.3 Irradiations 
The stacked foil technique is generally used for the study 
of charged particle reaction cross-sections " . In this 
technique, a number of target foils are arranged to form a 
stack. Energy degrader foils can be used in between the target 
foils to obtain the desired projectile energies. In a single 
run, a number of target foils can be irradiated to different 
projectile energies by using this technique. Thus the reaction 
cross-sections can be studied at different energies with a 
single irradiation of the target stack to the projectile beam. 
The targets for irradiations were prepared from spectro-
graphically pure (SPECPLEE) natural samples of purity better 
than 99.99^. In cases of ^^Mn, ^ '^^ -"-Ga and ^^^Bi, targets were 
prepared by vacuum evaporation technique at the Target Division 
of the Variable Energy Cyclotron Centre (VECC), Calcutta (India). 
The thickness of deposition for these targets were e 1-4 mg/cm . 
However, in the case of copper ( * Cu), thin metallic foils of 
2 
thickness 10.68 mg/cm were used. All the target and degrader 
2 foils were cut into pieces of size 1.5 X 1.5 cm and accurately 
weighed so that the thickness of each foil was accurately known. 
The target foils were fixed with a solution of zapon in acetone 
on brass or aluminium target holders having a circular hole of 
diameter 1.2 cm in its centre. When the acetone evaporated the 
zapon held the target foils to the target holders. Energy 
degrader aluminium foils of different thickness were sandwiched 
between the target foils, so as to get the desired a-particle 
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energy incident on each foil. Two blank target holders were 
kept, one each in the beginning and the end of the stacks at 
the time of irradiation in order to check any background acti-
vity produced in the target holders. 
The stacks comprising of the targets and aluminium degra-
der foils are shown in Fig. 4.2. The irradiations of the stacks 
have been carried out using » 60 MeV diffused a-beam of diameter 
8 mm at the Variable Energy Cyclotron Centre (VECC), Calcutta 
(India). Beam energy was determined from a curve that related 
the cyclotron RF with energy, constructed from experimental data 
on elastic scattering. The energy of alpha particles striking 
different target foils has been calculated using the foil thick-
ness and the relevant alpha particles stopping power. The stopp-
I'j) 
ing powers of Northcliffe and Schilling ' have been adopted in 
the calculations. No consideration of straggling for increase 
in the path length of the incident beam in the stopping material 
has been made for the estimation of energy loss in target thick-
ness because of its negligibly small effects for alpha parti-
The target stacks were clamped in a water cooled aluminium 
'Faraday Cup*. The 'Faraday cup' was insulated from rest of the 
system to measure the beam current of the alpha particles strik-
ing the target foils. The 'Faraday cup' was also connected to a 
calibrated current integrator, in order to measure the total 
charge collected during a partie*r*Sf^^!f3ttiation. A typical 
experimental set-up for stajek ,irradiation isv§n«wn in Fig. 4.3. 
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The beam currents used in the present investigation were between 
100 nA to 200 nA. The target stacks were irradiated for time 
periods ranging from 30 minutes to 60 minutes. Since there have 
been little fluctuations in the beam current during the irra-
diations, the average incident flux has been calculated with the 
knowledge of total charge collected in the 'Faraday cup'. The 
incident average flux for different irradiations was of the 
order of 10 a-particles/cm . sec. In the present measurements 
the uncertainty in the initial beam energy was + 0.5 MeV. 
4.4 Counting 
The important and the major step of the experiment is the 
determination of the induced activity in the target foils. The 
most precise method for this measurement is the use of high 
resolution gamma ray spectroscopy. The good resolution helps 
not only to separate closely spaced peaks but also assists in 
the detection of weak gamma rays of discrete energies when 
superimposed on a broad continuum. Germanium detectors are pre-
ferred for the analysis of complex gamma ray spectra involving 
many energies. A 100 cc ORTEC Ge(Li) detector having a resolu-
tion of 2 keV at 1.33 MeV has been used to detect the characteris-
tic gamma-lines. The foils were detached from the 'Faraday cup' 
after irradiation and were kept one by one in the desired geometry 
near the detector for counting the gamma activities. The choice 
of the counting geometry for a particular observation was made 
such that the count rate is appreciable and at the same time the 
: 81 : 
dead time of the detector is low. 
The gamma ray spectra have been analysed using pre-calibra-
ted CANBERRA-80 and CANBERRA-88 multichannel analysers. Before 
starting the counting of the induced gamma activities, a back-
ground spectrum was recorded to check the presence of any 
background gamma peak coming due to contamination of the detec-
tor surroundings. Any contaminating activity from the target 
holder was also checked by recording the background spectrum with 
the blank target holder. The spectra were then recorded for 
time periods ranging from 300 seconds to 700 seconds depending 
on the intensities of the induced activities so as to get good 
counting statistics. The recording time was corrected for the 
dead time of the analyser. 
The reaction proauct nuclei were identified by character-
istic gamma-transitions following their decay. The counts under 
the photopeaks were estimated from the total counts in the res-
pective peak after making the corrections for background counts. 
4.5 Measurements 
In the present work, an attempt has been made to measure 
the alpha induced reaction cross-sections for Mn, "^ Cu, 
* Ga and Bi targets between excitation energies » 7-60 MeV. 
55 The various type of reactions induced by alpha particles on Mn, 
^^»^^Cu, *^^ *'^ -^ Ga and ^°^Bi have been observed by detecting the 
characteristic gamma lines obtained from the decay of the residua. 
nuclei. The reaction channels (residual nucleus unstable) for 
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55,, 63,65^ 69,71^ , 209^. . • , -ui • xu 
ivin, Cu, Ga and Bi wnich are possible m the energy 
range considered in the present measurements are listed in 
Tables 4.1 - 4.4. 
The other details viz. residual nucleus, Q-value, Half-life 
gamma-ray energies and corresponding absolute intensities are 
also given in the Tables 4.1 - 4.4. The Q-values of the differ-
ent reactions have been taken from Ref. 19 and 20 and the other 
decay data from Ref. 10. In the list very week gamma rays are 
not included whenever strong gamma rays are available for the 
same emitting nuclide. Gamma rays having higher energies are 
also not included in the list. We have considered only those 
reactions which gave appreciable activities for the meaningful 
excitation studies. A computer program based on Equations (4,7 -
4.10) have been used to calculate the alpha induced reaction 
cross-sections at different energies. The errors quoted in the 
measured cross-section values are internal or external (which-
ever was greater) . The details of the measurements are described 
individually for each target and for each reaction. 
55 4.5.1 Target Nucleus ; Mn 
Natural specpure manganese has been used for the preparation 
of the target foils in the present investigation. Manganese of 
thickness 1 mg/cm was deposited onto aluminium backing of thick-
ness 6.75 mg/cm , by vacuum evaporation technique. The stack 
was composed of 15 (Fifteen) manganese foils sandwiched between 
aluminium degraders of thickness 20.387 mg/cm and 6.75 mg/cm . 
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Table - 4.1 
Nuclear spectroscopic data used for the evaluation of 
55 
cross-sections in Mn target 
^^Mn(a,3n)^^Co 
^^Mn(a,4n)^^Co 
Q-value H a l f - l i f e ^y . . ^ J ° i " ! t Reac t ion ^z., ,,N / _. >. / X / ^ N Y - i n t e n s i t y 
(MeV) ^^1 /2^ (MeV) &{-/.) 
^ \ n ( a , n ) ^ ^ 9 c o 
^^Mn(a,n)^^'"co 
^^Mn(a,2n)^'^Co 
03.51 
03.51 
12.08 
23.46 
33.56 
70.78d 
9.15h 
271.65d 
78.76d 
17.54h 
0.811 
0.025 
0.014 
0.122 
0.136 
0.847 
1.038 
1.238 
1.360 
1.771 
2.015 
2.035 
0.092 
0.411 
0.477 
0.804 
0.932 
1.317 
1.370 
1.409 
99.9 
0.03 
9 . 8 
85.6 
11.1 
99.9 
13.9 
67.6 
4 . 3 
15.7 
3 . 1 
7 . 9 
2 . 7 
1 .0 
20.3 
2 . 1 
75.0 
7 . 1 
3 . 0 
16.5 
: 84 : 
Contd (Table - 4.1) 
Mn(a,an)~^ Mn 
^^Mn(a,a3n)^^5Mn 
^^Mn(a,a3n)^^'°"Mn 
-10.20 
-38.50 
-31.22 
-31.22 
312.20d 
312.20d 
5.59d 
21.40in 
0.835 
0.835 
0.744 
0.848 
0.936 
1.246 
1.334 
1.434 
1.434 
100.0 
100.0 
90.0 
3 . 3 
94.5 
4 . 2 
5 . 1 
100.0 
98.2 
Table - 4.2 
Nuclear spectroscopic data used for the evaluation of 
, . . 63,65-^ , . 
cross-sections m Cu target 
Reaction ^ 7 ^ ^ ^ Half-life E y-intensity 
(MeV) (T^/2) (MeV) Qj-/.) 
Absolute 
it( 
^^Cu(a,n)^^Ga -07.51 9.45h 
^^Cu(a,2n)^^Ga -16.65 15.20m 
0.834 
1.039 
1.232 
1.333 
1.919 
0.053 
0.061 
C 
6 . 1 
38.0 
1.2 
1 .3 
2«1 
4 . 9 
11.5 
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Contd (Table - 4.2) 
^^Cu(a,2n)^'^Ga 
^^Cu(a,3n)^^Ga 
^^Cu(a,p3n)^^Zn 
-12.59 
-05.83 
-14.12 
-25.33 
-30.41 
244.02d 
68.33m 
78.26h 
9.45h 
244.02d 
0.115 
0.153 
0.207 
0.768 
0.932 
1.116 
1.077 
0.093 
0.185 
0.209 
0.300 
0.393 
0.834 
1.039 
1.232 
1.333 
1.919 
1.116 
54.6 
8.9 
2.6 
1.3 
1.8 
50.8 
3.0 
38.0 
23.6 
2.7 
19.0 
5.3 
6ol 
38.0 
1.2 
1.3 
2.1 
50.8 
:' SM&f •amJlF^^hiJUtAltA 
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Table - 4.3 
Nuclear spectroscopic data used for the evaluation of 
,. . 69,71^ , . 
cross-sections m Ga target 
Reaction 
^^Ga(a,nj'^^As 
^^Ga(a,2n)'^^As 
"^^ Ga(a,3n)'^ °As 
Q-value 
(MeV) 
-06.74 
-15.15 
-26.77 
Half-life 
26. Oh 
61.Oh 
53.0m 
(MeV) 
0.630 
0.834 
1.050 
1.464 
0.175 
0.327 
0.500 
1.096 
0.252 
0.497 
0.595 
0.607 
0.668 
0.745 
0.889 
0.893 
0.906 
1.040 
1.099 
C 
Absolute 
Y-intensity 
7.9 
83.4 
1.0 
1.1 
83.7 
2.7 
2.8 
4.2 
2.5 
2.5 
16.3 
3.9 
21.2 
20.8 
3.1 
2.0 
12.2 
81.7 
4.4 
Contd (Table - 4.3) 
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^^Ga(a,p3n)^^Ge -32.04 39.05h 
^^Ga(a,a3n)^^Ga -29.71 9.46h 
'^ •'•Ga(a,n)'^ '^ As -04.93 
'^ •'•Ga(a,2pn)'^ G^a -21.78 
17.79d 
14.12h 
1.114 
1.118 
1.339 
1.413 
1.523 
1.708 
1.781 
2.008 
2.020 
0.318 
0.574 
0.872 
1.106 
0.834 
1.039 
1.232 
1.333 
1.919 
0.596 
0.601 
0.630 
0.834 
0.894 
1.051 
1.597 
21.2 
3.2 
8.9 
8.6 
5.1 
17.9 
3.9 
2.9 
16.7 
1.4 
11.6 
10.3 
27.0 
6.1 
38.0 
1.2 
1.3 
2.1 
60.0 
5.6 
24.4 
95.6 
9.8 
6.9 
4.2 
Contd.., 
Contd (Table - 4.3) 
88 
'^ •'•Ga(a,4n)'^ -'-As -32.10 61.Oh 
1.861 
0.175 
0,327 
0.500 
1.096 
5.2 
83.7 
2.7 
2.8 
4.2 
Table - 4.4 
Nuclear spectroscopic data used for the evaluation of 
209 
cross-sections m Bi target 
Reaction Q-value (MeV) 
Half-life 
(T1/2) (MeV) 
Absolute 
Y-intensity 
KM 
^°^Bi(a,3n)^^°At -27.98 8.3h 0.245 
0.527 
0.817 
0.852 
0.955 
1.181 
lc436 
1.483 
1.599 
( 
79.4 
1.1 
1.7 
1.4 
1.8 
99.3 
29o0 
46.5 
13.4 
Contd (Table - 4.4) 
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^°^6i(a,4n}^^^At -35.24 5.40h 0.104 
0.195 
0.233 
0.239 
0.545 
0.551 
0.666 
0.781 
0.790 
0.864 
0.903 
1.103 
1.114 
1.170 
1.175 
1.217 
1.263 
1.582 
2.1 
22.8 
1.0 
12.7 
94.4 
5.1 
1.9 
86.6 
65.9 
2.1 
3.8 
5.6 
1.4 
3.1 
2.0 
1.1 
2.0 
1.8 
The composition of the stack is shown in Fig. 4.2. The target 
stack was irradiated with a 60 MeV diffused a-beam of diameter 
8 mm. After passing through all the target foils, beam was made to 
fall on the 'Faraday cup' for measuring the beam current and the 
total charge collected during irradiation. The irradiation of the 
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stack v;as performed with a beani current of ^ 200 nA for a time 
period of 1,0 hour. The gamma activities of each foil were 
measured by keeping the foils one by one in the desired geometry. 
The cross-sections for the (a,xn), x = 1-4, (a,an), (a,2p3n) 9nd 
(a,a3n) reactions have been measured at fifteen different in-
cident a-particle energies viz., 6,8 + 2,7 MeV, 12.2 + 1,8 MeV, 
16.2 + 1,5 MeV, 19.6 + 1,3 MeV, 22.5 + 1.2 MeV, 25.2 + 1,2 MeV, 
27,8 + 1.1 MeV, 30.2 + 1.0 MeV, 35.5 + 0.9 MeV, 40.3 + 0.8 MeV, 
44.7 + 0.7 MeV, 48o9 + 0.7 MeV, 52.8 + 0.7 MeV, 56.5 + 0.6 MeV 
and 59.95 + 0.6 MeV. A typical gamma ray spectrum obtained from 
the activation of manganese target foil by 44.7 MeV a-particles 
and taken after about 38.0 hours from the stop of the irradiation 
is shown in Fig. 4.4. 
55 4.5.1.1 Mn(a,n) Reaction 
55 58 
The (cc,n) reaction on Mn produces two isomers of Co. 
Both the isomers are unstable. The half-life of the ground 
state is 70o78 days and the metastable state is 9.15 hours. The 
ground state decays mainly by electron capture (85><) and p (15>^ ) 
to the excited states of Fe (stable isotope). The metastable 
C O 
state of Co decays to the ground state with isomeric-transition. 
The half-life of the metastable state is much shorter than that 
of the ground state. Therefore, the cross-sections for the ground 
state producing reaction is almost the total cross-section for 
58 the production of Co isomers. The Q-value of this reaction is 
-3.51 MeV. The gamma rays obtained from the decay of these 
isomers are given in Table 4.1. The reaction producing the ground 
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state isomer has been studied by considering the 0.811 MeV gamma 
ray at twelve alpha particle energies. The decay scheme of the 
residual nucleus is shown in Fig. 4.5(a). Values of the para-
meters such as half-life of product nucleus, incident flux, num-
ber of target nuclei, absolute gamma ray intensity, detection 
efficiency of the gamma rays, y-self absorption factor, irradia-
tion time, time lapse, recording time, the counts under the 
photopeak and the projectile energy etc. are given in Table - 4.5, 
The cross-sections obtained with the gamma ray of 0.811 MeV are 
tabulated in "Table - 4.6. 
Project. 
Energy 
(MeV) 
6.8+2o7 
12.2+1o8 
16.2+1.5 
19.6;+1«3 
Table - A k5 
55 58a Experimental data for Mn(a,n) ^Co 
Half-
reactio 
-life of product nucleus = 6115392 sec. 
Time of irradiation. 
Incident flux, 
Number of target nuclei. 
Gaimna-
Energy 
(MeV) 
0.811 
0.811 
0.811 
0.811 
Absol. Geometry 
Y-intens. dependent 
© efficien. 
99.9 0.00980 
99o9 0.00980 
99.9 0o00980 
99.9 0o00980 
tj^  = 3600 sec. 
, $ = 1.2326xl0-'-^  
a-particles/c 
NQ = 5.5012X10-'-® 
Y-self 
absorp. 
factor 
K 
0.99993 
0.99993 
0.99993 
0.99993 
Time 
lapse 
^2 
(sec) 
152580 
151380 
149160 
147960 
in 
2 ;m -sec. 
Rec'ord. 
time 
^3 
(sec) 
700 
700 
700 
700 
Contd. 
Photo 
peak 
count 
(A) 
2383 
12349 
10120 
5194 
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Contd. 
22.5+1.2 
25.2+1.2 
27.8+1.1 
30.2+1.0 
35.5+0.9 
40.3+0.8 
44.7+0.7, 
48.9+0< 
(Table - 4 .5) 
0.811 
0.811 
0.811 
0.811 
0.811 
0.811 
0.811 
0.811 
99, 
99. 
99. 
99. 
99, 
99, 
99, 
9 
9 
9 
9 
9 
9 
9 
99.9 
Oo00980 
Oc00980 
0.00980 
0.00980 
0.00980 
0.00980 
0.00980 
0.00980 
0.99993 
0.99993 
0.99993 
0.99993 
0.99993 
0.99993 
0.99993 
0o99993 
146820 
145740 
144660 
143640 
142560 
141480 
135600 
134460 
700 
700 
700 
700 
700 
700 
700 
700 
2138 
1228 
1010 
761 
304 
233 
191 
152 
Table - 4.6 
Activation cross-sections for the Mn(a,n) ^ Co reaction 
'-a 
(MeV) 
Cross-sections (mb) with 
gamma ray of 0.811 MeV 
6.8+2.7 
12.2+1.8 
16.2+1.5 
19.6+1.3 
22.5+1.2 
25.2+1.2 
27.8+1.1 
30.2+1.0 
35.5+0.9 
40.3+0.8 
44o7+0o7 
48.9+0.7 
127.95+3.17 
662.96+6.39 
543.16+5.90 
278.73+4.40 
114.72+3.05 
65.88+2.58 
54.18+2.47 
40o82+2.31 
16.30+2.25 
12.49+2.47 
10.24+2.73 
8.14+3.00 
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•ic. 4,5 Partial decay schemes for isotopes Co, Co, 
56Co,^ 5co,S4i.;n and ^2;. n forned in alpha 
induced reactions on ^ i^.m. 
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4.5.1.2 ^^Mn(a,2n) Reaction 
The Q-value for (a,2n) reaction on Mn is -12.08 MeV. 
57 This reaction produces Co- residual nucleus-, being unstable and 
which decays mainly by electron capture with half-life of 271.65 
57 days to the excited states of Fe (stable isotope). The gamma 
rays emitted from the product nucleus are enlisted in Table - 4.1. 
The reaction has been studied at fourteen incident alpha-particle 
energies by considering the 0.122 MeV and 0*136 MeV gamma rays 
obtained from the decay of their residual nucleus. In the analy-
sis of experimental data, the intense, i.e. 0.122 MeV gamma ray 
is preferable at alpha particle energies having low cross-sections 
whereas the less intense 0.136 MeV gamma ray is preferable at 
energies associated with high cross-sections. The decay scheme 
57 
of Co is shown in Fig. 4.5(b). The values of the parameters 
used in the calculation of cross-sections are given in Table - 4.7 
and the cross-sections obtained with the different gamma rays are 
tabulated in Table - 4,8. 
4.5.1o3 ^\n(g,3n) Reaction 
55 The Q-value of (a,3n) reaction on Mn is -23.46 MeV. This 
56 
reaction produces unstable Co residual nucleus which decays 
mainly by electron capture {Bl'/.) and ^'^{19yi) with a half-life of 
78.8 days to the excited states of Fe (stable isotope). The 
gamma rays obtained from the decay of their product nucleus are 
given in Table - 4,1. The reaction has been studied considering 
the four major gamma rays viz., 0.847 MeV, 1.038 MeV, 1.238 MeV 
96 
Table - 4.7 
55 57 Experimental data for Mn(a,2n) Co reaction 
Half-life of product nucleus = 23470560 sec. 
Time of irradiation, t, = 3600 sec. 
TO 
Incident flux, $ = 1.2326x10 2 
a-par t i c les /cm - s e c 18 Number of t a r g e t n u c l e i , N = 5.5012x10 
Project. 
Energy 
(MeV) 
12.2+1.8 
16.2+1.5 
19.6+1.3 
22.5+1.2 
25.2+1.2 
2708+1.1 
30.2+1.0 
35.5+0.9 
4O.3+O08 
44.7+0.7 
48.9+0.7 
Gamma-
Energy 
(MeV) 
0.122 
0.136 
0.122 
0.136 
0.122 
0.136 
0.122 
0.136 
0.122 
0.136 
0.122 
0.136 
0.122 
0.136 
0.122 
0.136 
0.122 
0.136 
0.122 
0.136 
0.122 
0.136 
Absol. 
Y-interis. 
^ 
85.6 
11.1 
85 06 
11.1 
85.6 
11.1 
85.6 
11.1 
85.6 
llol 
85.6 
11.1 
85 06 
11.1 
85 06 
llol 
85 06 
11.1 
85.6 
11.1 
85 06 
llol 
Geometry 
dependent 
efficien. 
£.G 
0.05440 
0.05100 
0.05440 
0.05100 
0.05440 
0.05100 
0.05440 
0.05100 
0,05440 
O0O5IOO 
0.05440 
0.05100 
0.05440 
0.05100 
0.05440 
0.05100 
0.05440 
0.05100 
0.05440 
0.05100 
0.05440 
0.05100 
Y-self 
absorp. 
factor 
K 
0.99988 
0.99989 
0.99988 
0.99989 
0.99988 
0o99989 
0.99988 
0.99989 
0.99988 
0.99989 
0.99988 
0.99989 
0.99988 
0.99989 
0o99988 
Oo99989 
Oo99988 
0.99989 
0o99988 
Oo99989 
0.99988 
0.99989 
Time 
lapse 
^2 
(sec) 
151380 
151380 
149160 
149160 
147960 
147960 
146820 
146820 
145740 
145740 
144660 
144660 
143640 
143640 
142560 
142560 
141480 
141480 
135600 
135600 
134460 
134460 
Record, 
time 
^3 
(sec) 
700 
700 
700 
700 
700 
700 
700 
700 
700 
700 
700 
700 
700 
700 
700 
700 
700 
700 
700 
700 
700 
700 
Photo 
peak 
count 
(A) 
851 
-
13657 
1652 
23703 
2947 
22492 
2600 
20378 
2495 
20381 
2454 
16008 
1926 
4695 
522 
4095 
472 
2753 
384 
1414 
: 97 
52.8+0.7 
56.5+0.6 
59.95+0.6 
\, IdUJL 
0.122 
0.136 
0.122 
0.136 
0.122 
0.136 
t; — M . 
85.6 
11.1 
85.6 
11.1 
85.6 
11.1 
0.05440 
0.05100 
0.05440 
0.05100 
0.05440 
0.05100 
0.99988 
0.99989 
0.99988 
0.99989 
0.99988 
0.99989 
130440 
130440 
129240 
129240 
126840 
126840 
700 
700 
700 
700 
700 
700 
1097 
-
937 
-
809 
— 
Table - 4 . 8 
55 57 
A c t i v a t i o n c r o s s - s e c t i o n s fo r t h e Mn(a,2n) Co 
r e a c t i o n 
Weighted 
average 
cross-
section(mb 
'-a 
(MeV) 
Cross-sections (mb) obtained with gamma-
rays of 
0.122 MeV 0.136 MeV 
12.2+1.8 
16.2+1.5 
19.6+1.3 
22.5+1.2 
25.2^:1.2 
27.8+1.1 
30.2+1.0 
35.5+0.9 
40.3+0o8 
44.7+0.7 
48.9+0.7 
52.8+0.7 
56.5+0.6 
59.95+0.6 
36.37+7.22 
583.56+8.89 
1012.78+8.59 
961.01+9,78 
870.66+9.57 
870.76+9.40 
683.90+8.97 
200.58+7.56 
174.94+7.52 
117.59+7.35 
60.39+7.35 
46.85+7.69 
40.01+6.66 
34.55+8.71 
580.73+44.64 
1035.93+47.46 
913.92+44.64 
876.99+44.29 
862.55+39.72 
676.94+49.56 
183.46+39.36 
165.89+39.71 
134.93+40.41 
36.37+7.22 
583.45+8.71 
1013.52+8.45 
958.85+9.56 
870.94+9.36 
870.32+9.15 
683.68+8.83 
199.97+7.43 
174.63+7.39 
118.14+7.22 
60.39+7.35 
46.85+7.69 
40.01+6.66 
34.55+8.71 
. OR . 
and 1.771 MeV at ten incident a-particle energies. The 0.847 
MeV photopeak cannot be used in tne analysis at energies above 
55 54 the threshold of Mn{a,a3n) Mn reaction, for the gamma ray 
is also associated with this reaction. The decay scheme of 
Co is shovv'n in Fig. 4.5(c). The experimental data for this 
reaction are given in Table - 4.9 and the cross-sections ob-
tained with different gamma rays are tabulated in Table - 4.10, 
Table - 4.9 
55 56 Experimental data for Mn(a,3n) Co reaction 
Half-life of product nucleus = 6804864 sec. 
Time of irradiation, t, = 3600 sec. 
Incident flux, | = 1.2326xl0-'-^  r. 
a-particles/cm -sec. 
1 O 
Number of target nuclei, N = 5.5012x10 
Project. 
Energy 
(MeV) 
25.2+1.2 
27.8+1.1 
Gamma-
Energy 
(MeV) 
0.847 
1.038 
1.238 
1.771 
0.847 
1.038 
1.238 
1.771 
Absol. 
y-intens. 
99.9 
13.9 
67.6 
15.7 
99.9 
13.9 
67.6 
15.7 
Geometry 
dependent 
efficien. 
^.G 
0.00930 
0.00720 
0.00580 
0.00470 
0.00930 
0.00720 
0.00580 
0.00470 
Y-self 
absorp. 
factor 
K 
0.99993 
0.99995 
0.99995 
0.99996 
0.99993 
0.99995 
0.99995 
0.99996 
Time 
lapse 
^2 
(sec) 
145740 
145740 
145740 
145740 
144660 
144660 
144660 
144660 
Record, 
time 
^3 
(sec) 
700 
700 
700 
700 
7-00 
700 
700 
700 
Photo 
peak 
count 
(A) 
49 
-
39 
-
346 
65 
215 
33 
: 99 : 
3C^  
35. 
40. 
44, 
48, 
52, 
56, 
59. 
.2+1.0 
.5+0.9 
.3+0.8 
.7+0.7 
.9+0.7 
.8+0.7 
.5+0.6 
.95+0.6 
0.847 
1.038 
1.238 
1.771 
0.847 
1.038 
1.238 
1.771 
0.847 
1.038 
1.238 
1.771 
0.847 
1.038 
1.238 
1.771 
0.847 
1.038 
1.238 
1.771 
0.847 
1.038 
1.238 
1.771 
0.847 
1.038 
1.238 
1.771 
0.847 
1.038 
1.238 
1.771 
99.9 
13.9 
67.6 
15.7 
99.9 
13.9 
67.6 
15.7 
99.9 
13.9 
67.6 
15.7 
99.9 
13.9 
67.6 
15.7 
99.9 
13.9 
67.6 
15.7 
99.9 
13.9 
67.6 
15.7 
99.9 
13.9 
67.6 
15.7 
99.9 
13.9 
67.6 
15.7 
0.00930 
0.00720 
0.00580 
0.00470 
0.00930 
0.00720 
0.00580 
0.00470 
0.00930 
0.00720 
0.00580 
0.00470 
0.00930 
0.00720 
0.00580 
0.00470 
0.00930 
0.00720 
0.00580 
0.00470 
0.00930 
0.00720 
0.00580 
0.00470 
0.00930 
0.00720 
0.00580 
0.00470 
0.00930 
0.00720 
0.00580 
0.00470 
0.99993 
0.99995 
0.99995 
0.99996 
0.99993 
0.99995 
0.99995 
0.99996 
0.99993 
0.99995 
0.99995 
0.99996 
0.99993 
0.99995 
0.99995 
0.99996 
0.99993 
0.99995 
Oo99995 
0.99996 
0.99993 
0.99995 
0.99995 
0.99996 
0.99993 
0.99995 
0.99995 
0,99996 
0.99993 
0.99995 
0.99995 
0.99996 
143640 
143640 
143640 
143640 
142560 
142560 
142560 
142560 
141480 
141480 
141480 
141480 
135600 
135600 
135600 
135600 
134460 
134460 
134460 
134460 
130440 
130440 
130440 
130440 
129240 
129240 
129240 
129240 
126840 
126840 
126840 
126840 
700 
700 
700 
700 
700 
700 
700 
700 
700 
700 
700 
700 
700 
700 
700 
700 
700 
700 
700 
700 
700 
700 
700 
700 
700 
700 
700 
700 
700 
700 
700 
700 
919 
103 
400 
69 
-
173 
675 
109 
-
322 
1327 
209 
-
317 
1398 
181 
-
158 
664 
99 
-
141 
402 
79 
-
-
314 
64 
— 
-
296 
^ 
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Table - 4.10 
55 56 Activation cross-sections for the Mn(a,3n) Co reaction 
(MeV) 
25.2+1.2 
27.8+1.1 
30.2+1.0 
35.5+0.9 
40.3+0.8 
44.7+0.7 
48.9+0.7 
52.8+0.7 
56.5+0.6 
59.95+0.6 
0. 
3, 
21, 
57. 
Cross-
.847 MeV 
.08+1, 
.71+2, 
.67+2, 
-
-
— 
~ 
-
-
— 
.32 
.32 
.82 
sections (mb) 
1.038 MeV 
^ 
37.88+15.15 
60.02+26.22 
100.80+18.64 
187.59+24.47 
184.57+28.53 
91.98+25.62 
82.05+38.41 
-
— 
with gamma ra> 
1.238 MeV 
5.80+3.57 
31.97+4.46 
59.47+5.35 
100.35+5.95 
197.26+7.43 
207.69+8.02 
98.63+8.02 
59.69+7.72 
46.62+9.06 
43.94+11.13 
s^ of 
1.771 MeV 
^ 
26.00+07.91 
54.54+12.65 
86.15+15.02 
165.17+16.60 
142.96+18.96 
78,18+18.16 
62.36+22.89 
50.52+27.63 
— 
Weighted 
average 
cross-
section(mb) 
3.04+1.24 
24.28+1.98 
57.95+2.44 
98.62+5.30 
191.59+6.54 
197.02+9.28 
95.04+7.05 
60.74+7.19 
46.99+8.61 
43.94+11.13 
4.5.1.4 55 Mn(a,4n) Reaction 
This reaction on manganese having a Q-value of -33.56 MeV, 
55 produces unstable Co residual nucleus which decays mainly by 
p'*"(77/.) and electron capture (23^ :) with a half-life of 17o74 
55 hours to the excited states of Fe (unstable isotope) which 
itself de-excite with a half-life of 2.7 years by its character-
istic gamma rays. The cross-sections for this reaction have 
been measured at six incident a-particle energies considering 
the most intense gamma rays viz., 0o477 MeV, 0.932 MeV and 
55 1.409 MeV. The decay scheme of Co is shown in Fig. 4.5 (d). 
The values of the parameters used in the calculation of 
: 101 : 
cross-sections are given in Table - 4.11. The cross-sections 
obtained using these parameters are given in Table - 4.12, 
Table - 4.11 
Project. 
Energy 
(MeV) 
40.3+0.8 
44.7+0.7 
48.9+0.7 
52.8+0o7 
56.5+0.6 
59.95+0.6 
Experimental 
Half--life of 
data for ^\r. 
product nucle 
Time of irradiation. 
Incident flux, 
Number of target nuclei. 
Gamma-
Energy 
(MeV) 
0.477 
0.932 
1.409 
0.477 
0.932 
1.409 
0.477 
0.932 
1.409 
0.477 
0.932 
1.409 
0.477 
0.932 
lo409 
0c477 
0.932 
1.409 
Absol. Geometry 
Y-intens. dependent 
0 efficien. 
20.3 
75.0 
16.5 
20.3 
75.0 
16.5 
20.3 
75.0 
16.5 
20.3 
75.0 
16.5 
20.3 
75.0 
16.5 
20.3 
75.0 
16 o5 
0.01830 
0.00820 
0.00530 
0.01830 
0.00820 
0.00530 
0.01830 
0.00820 
0.00530 
0.01830 
0.00820 
0.00530 
0.01830 
0.00820 
0.00530 
0.01830 
0.00820 
0.00530 
i(a.4n)^^C 0 reactior 
(US = 63144 sec. 
1 
t^ = 3600 sec. 
, $ = 1.2326xl0-'-^  2 
a-particles/cm -sec 
% = 5. 
Y-self" 
absorp. 
factor 
K 
0.99992 
0o99994 
0.99995 
0.99992 
0.99994 
0.99995 
0.99992 
0.99994 
0.99995 
0.99992 
0.99994 
0.99995 
0.99992 
0.99994 
0.99995 
0.99992 
0.99994 
0.99995 
5012x10-^^ 
Time Record, 
lapse time 
(sec) (sec) 
141480 
141480 
141480 
135600 
135600 
135600 
134460 
134460 
134460 
130440 
130440 
130440 
129240 
129240 
129240 
126840 
126840 
126840 
700 
700 
700 
700 
700 
700 
700 
700 
700 
700 
700 
700 
700 
700 
700 
700 
700 
700 
• 
Photo 
peak 
count 
(A) 
160 
227 
53 
637 
894 
133 
1010 
1601 
234 
1206 
1932 
310 
1419 
2378 
350 
1704 
2784 
389 
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Table - 4 .12 
55 55 
A c t i v a t i o n c r o s s - s e c t i o n s f o r t h e Mn(a,4n) Co r e a c t i o n 
Ea 
(MeV) 
40.3+0.8 
44.7+0.7 
48.9+0.7 
52.8+0.7 
56.5+0o6 
59.95+0.6 
Cross-sections(mb) with 
0.477 MeV 
1.11+0.36 
4.15+0.50 
6.49+0.57 
7.42+0.51 
8.61+0.81 
10.07+0.61 
0.932 MeV 
0.95+0.12 
3.52+0.18 
6.22+0.23 
7.18+0.29 
8.72+0.34 
9.95+0.39 
gamma rays of 
1.409 MeV 
1.56+0.62 
3.68+0.80 
6.39+0.96 
8.09+1.12 
9.02+1.16 
9o76+1.43 
Vv'eighted 
average 
cross-
section(mb; 
0.99+0.11 
3.59+0.17 
6.26+0.21 
7.28+0.25 
8.73+0.30 
9.97+0.32 
55. 
55 4.5.1.5 Mn(a,an) Reaction 
The Q-value for (a,an) reaction on Mn is -10.2 MeV. ThiJ 
54 
reaction produces Mn residual nucleus, being unstable and 
which decays mainly by electron capture with a half-life of 
54 312.2 days to the excited states of Or (stable isotope). Thii 
residual nucleus is also produced by (a,2p3n) reaction, the 
Q-value of this reaction being -38.50 MeV. The experimental 
cross-sections are solely for the (a,an) reaction below, the 
threshold for the (a,2p3n) reaction i.e., 41.3 MeV. The cross-
sections for the (a,an) reaction have been measured at seven 
incident a-particle energies using the 0.835 MeV gamma ray. 
54 
The decay scheme of Mn is shown in Fig. 4.5(e). The experi-
mental data for this reaction are given in Table - 4.13 and thi 
cross-sections obtained with the gamma ray of 0.835 MeV are 
tabulated in Table - 4.14. 
Table - 4.13 
103 
55 54 
Experimental data for ^ln(g,an) h.n reaction 
Half-life of product nucleus = 26974080 sec. 
Time of irradiation, tjL = 3600 sec. 
Incident flux, (J) a2 1.2326x10' 2 
ct-particles/cm -sec. 
1 o 
Number of target nuclei, N^ = 5.5012x10 
Project. 
Energy 
(MeV) 
19.6+1.3 
22.5+1.2 
25.2+l„2 
27.8+1.1 
30i2+lo0 
35.5+0.9 
40.3+0.8 
Gamma-
Energy 
(MeV) 
0.835 
0.835 
0.835 
0.835 
0o835 
0.835 
0.835 
Absolo 
Y-intens. 
100 
100 
100 
100 
100 
100 
100 
Geometry 
dependent 
efficien. 
€.G 
0.00950 
0.00950 
0.00950 
0.00950 
0.00950 
0.00950 
Oo00950 
Y-self 
absorp. 
factor 
K 
0.99993 
0.99993 
0.99993 
0o99993 
0.99993 
0.99993 • 
0.99993 
Time 
lapse 
(sec) 
147960 
146820 
145740 
144660 
143640 
142560 
141480 
Record, 
time 
(sec) 
700 
700 
700 
700 
700 
700 
700 
Photo 
peak 
count 
(A) 
93 
400 
522 
749 
883 
689 
706 
Table - 4.14 
55 54 
Activat ion c ros s - sec t ions for the Mn(a,an) Mn 
r e a c t i o n 
Cross-sections (mb) with 
gamma ray of 0.835 MeV (MeV) 
19.6+1.3 
22.5+1.2 
25.2+1.2 
27.8+1.1 
30.2+1.0 
35.5+0.9 
40.3+0.8 
22.37+12.99 
96.20+16.35 
125.54+12.99 
180.12+13.95 
212.34+14.43 
165.69+13.71 
169.77+13.95 
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4 . 5 . 1 . 6 ^''Mn(a,2p3n) Reaction 
The Q-value of (a ,2p3n) r e a c t i o n on Mn i s - 3 8 . 5 0 MeV. 
54 
This reaction also produces the same Mn residual nucleus as 
produced by (a,an) reaction. Below the threshold, for the 
(a,2p3n) reaction i.e. 41.3 MeV, the cross-sections are solely 
for the (a,an) reaction and above the threshold of (a,2p3n) 
reaction the cross-sections obtained are the sum of both reac-
tions. The composite cross-section for (a,an) + (a,2p3n) reac-
tions have been measured at five incident a-particle energies 
54 
using the 0.835 MeV gamma ray. The decay scheme of Mn is 
shown in Fig. 4.5(e). The experimental data for these reactions 
are given in Table - 4.15 and the composite cross-sections 
obtained with the gamma ray of 0.835 MeV are tabulated in 
Table - 4.16. 
55 4.5.1.7 Mn(g,g3n) Reaction 
This reaction on manganese having a Q-value of -31.22 MeV, 
52 produces two isomers of Mn having half-lives of 21.1 minutes 
and 5.59 days, the latter being the ground state. The meta-
stable state decays independently through (98.25><) with p + EC 
52 to the excited states of Cr (stable isotope). The ground 
state also decays through electron capture {12'/.) and p (28>i) to 
52 the excited states of Cr (stable isotope). In the present 
work, only the cross-sections of the ground state producing 
reaction have been measured at five incident a-particle energies 
The gamma rays of 0.744 MeV, 0.935 MeV and 1.434 MeV obtained 
105 
Table -• 4>15 
55 54 55 54 
Experimenxal data for Mn(a,a:n) Mn + fvin( cic,2p3n) Iv.n reactions 
half-life of product nucleus = 26974080 sec. 
Time of irradiation, t-, = 3600 seco 
Incident flux, $ = 1.2326xl0-'-^ 2 
a-particles/cm -sec. 
1 o 
Number of target nuclei, N = 5.5012x10 
Project. 
Energy 
(MeV) 
44.7+0.7 
48.9+0.7 
52.8+0.7 
56.5+0.6 
59.95+O06 
Ganuna-
Energy 
ih-eV) 
0o835 
0.835 
0.835 
0.835 
0.835 
Absol. 
Y-intens. 
s 
i'/.) 
100 
100 
100 
100 
100 
Geometry 
dependent 
efficien. 
0.00950 
0.00950 
0.00950 
0.00950 
0.00950 
Y-self 
absorp. 
factor 
K 
0.99993 
0.99993 
0.99993 
0.99993 
0.99993 
Time 
lapse 
^2 
(sec) 
135600 
134460 
130440 
129240 
126840 
Record, 
time 
^3 
(sec) 
700 
700 
700 
700 
700 
Photo 
peak 
count 
(A) 
596 
298 
443 
495 
517 
Table - 4 .16 
55 54 
A c t i v a t i o n c r o s s - s e c t i o n s fo r Mn(a,an) Mn + 
55 54 
Mn(a,2p3n) Nm reactions 
'-a 
I MeV) 
Cross-section(mb) with 
gamma ray of 0.835 MeV 
44.7+0.7 
48.9+0.7 
52.8+0c7 
56.5+0.6 
59c95+0o6 
143.30+15.87 
71.65+14.67 
106.50+17.31 
118.99+23.80 
124.27+24.04 
; 106 : 
52 from the decay of Mn ground state have been used in the 
analysis of this reaction. The 0o847 MeV gamma ray emitted from 
the ground state isomer is common with that of (a,3n) reaction 
as can be seen from table - 4,1, The cross-sections for the 
metastable isomer have not been measured because the half-life 
of this is very small (21,1 m),while the counting was 
52 
started after about 35,0 hours. The decay scheme of Mn 
55 is shown in Fig, 4.5(f), The experimental data for Mn(a,a3n) 
52a 
^Mn reaction are given.in Table - 4.17 .and the cross-sections 
obtained with different ^amma rays are tabulated in Table - 4,18. 
Table - 4,17 
55 52a Experimental data for Mn(a,a3n) ^Mn reaction 
Half-life of product nucleus = 482976 sec. 
Time of irradiation, t, = 3600 sec. 
Incident flux, | = l,2326xl0-'-^  2 
a-particles/cm -sec, 
18 
Number of target nuclei, N^ = 5,5012x10 
Project, 
Energy 
(MeV) 
44o7+0o7 
48.9+0,7 
Gamma-
Energy 
(MeV) 
Go 744 
0.936 
1.434 
0.744 
0.936 
1.434 
Absol, 
Y-intens. 
90oO 
94 o5 
100.0 
90.0 
94.5 
100.0 
Geometry 
dependent 
efficien, 
^,G 
0.01120 
0,00820 
0.00520 
0.01120 
0.00820 
0.00520 
Y-self 
absorp, 
factor 
K 
0,99993 
0.99994 
0.99995 
0.99993 
0.99994 
0.99995 
Time 
lapse 
^2 
(sec) 
135600 
135600 
135600 
134460 
134460 
134460 
Record, 
time 
^3 
(sec) 
700 
700 
700 
700 
700 
700 
Photo 
peak 
count 
(A) 
277 
176 
138 
1831 
1628 
1166 
107 
Contd.'.... 
52.8+0c7 
56.5+0.6 
59.95+0.6 
(Tabl. 
0.744 
0.936 
1.434 
0.744 
0.936 
1.434 
0.744 
0.936 
1.434 
e - 4. 
90.0 
94.5 
100.0 
90.0 
94 o5 
100.0 
90.0 
94.5 
100.0 
0.01120 
0.00820 
0.00520 
0.01120 
0.00820 
0.00520 
0.01120 
0.00820 
0.00520 
0.99993 
0.99994 
0.99995 
0.99993 
0.99994 
0.99995 
0.99993 
0.99994 
0.99995 
130440 
130440 
130440 
129^40 
129240 
129240 
126840 
126840 
126840 
700 
700 
700 
700 
700 
700 
700 
700 
700 
4286 
3458 
2643 
7113 
6300 
4178 
8730 
7684 
5469 
Table - 4.18 
55 52a Activation cross-sections fox the Mn(a,a3n) ^Mn reaction 
Cross-sections(mib) with qamma rays of ^^^^9 © 
•* averaae 
a 
(MeV) 0.477 MeV 0,938 MeV 1.434 MeV cross-section(mb) 
44.7+0.7 
48.9+0c7 
52o8+0.7 
56.5+0.6 
59o95+0.6 
1.37+0.28 
9.01+0.39 
20.97+0.51 
34.74+0.64 
42o50+0.74 
1=13+0.33 
10o42+0.43 
22.01+0.56 
40.02+0.74 
48.65+0.85 
1.32+0o29 
11.12+0.47 
26.07+0.65 
39.55+0.83 
51.60+0.95 
1.28+0.17 
10.05+0.36 
22.35+0.67 
37.67+1.03 
46.76+1.58 
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4.5.2. Target Nucleus : ^^'^^ Cu 
Natural copper (abundance, Cu = 69.2/. and Cu = 30.8/) 
2 
metallic foils of thickness IO068 mg/cm have been used in the 
present studies. The stack was made of 12(twelve) copper foils 
sandwiched between aluminium degraders of thickness 6.75 mg/cm . 
The composition of stack is shown in Fig. 4.2. The target stack 
was irradiated with a 40 MeV diffused a-beam of diameter 8 mm. 
The irradiation of the stack was done for 40 minutes with a beam 
current of ^150 nA. The beam current and total charge collected 
during irradiation were monitered with the help of the 'Faraday 
cup' as described in the case of manganese target. The gamma 
activities of each foil was measured by keeping the foils one by 
one in the desired geometry. The cross-sections for Cu(a,xn), 
X = 1,2 and (a',pn) and Cu(a,xn) , x = 1-3 and (a,p3n) reactions 
have been measured at twelve incident a-particle energies viz., 
16.8 + I06 MeV, 18.8 + 1.5 MeV, 20.7 + 1.4 MeV, 22.5 + 1.3 MeV, 
24.3 + 1.3 MeV, 25.9 + 1.2 MeV, 27.5 + 1.2 MeV, 30.1 + 1.1 MeV, 
32.7 + 1.0 MeV, 35.0 + 1.0 MeV, 37.3 + 0.9 MeV and 39.4 + 0.9 MeV. 
A typical gamma ray spectrum obtained from the activation of the 
copper target foil by 18.8 MeV a-particle and taken after about 
6 hours from the stop of the irradiation, is shown in Fig. 4.6. 
4.5.2.1 Cu(a,n) Reaction 
The Q-value of (a,n) reaction on Cu is -7.51 MeV. This 
reaction produces the Ga residual nucleus, which is unstable 
and decays by p (56.5/) and electron capture (43.5/) with a 
: 109 
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half-life of 9.45 hours to the excited states of Zn (stable 
isotope). Since the target foil was natural copper, the same 
residual nucleus Ga is also produced by Cu(a,3n) reaction. 
Thus, the cross-sections are solely for the Cu(a,n) reaction 
below the threshold energy of the Cu(a,3n) reaction. The 
reaction cross-sections have been studied by considering the 
gamma rays of 0o834 MeV and 1.039 MeV obtained from the decay 
of Ga. The cross-sections below the threshold of Cu(a,3n) 
reaction have been measured at seven incident a-particle energies. 
The decay scheme of Ga is shown in Fig. 4.7(a). The experi-
mental data required for the calculation of the cross-sections 
are given in Table - 4.19. The cross-sections obtained using 
these values are given in Table - 4o20. 
65 Above the threshold energy of Cu(a,3n) reaction the 
cross-sections obtained are the sum of Cu(a,n) and Cu(a,3n) 
reactions. The composite cross-sections for (a,n) and (a,3n) 
reactions have been measured at five alpha particle energies. 
The experimental data for these reactions are given in Table -
4.21 and the cross-sections obtained with different gamma rays 
are given in Table - 4.22. 
The contributions of (a,n) and (a,3n) reactions have been 
separated in such a manner that the measured cross-sections for 
(a,n) reaction below (a,3n) reaction threshold energy have been 
reproduced from theoretical calculations. The theoretical (a,n) 
cross-sections were further extrapolated and its contribution 
was subtracted to get the counts for the (a,3n) reaction. The 
: 111 : 
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separated counts of (a,n) reaction above the threshold of (a,3n) 
reaction alongwith the other experimental data are given in 
Table - 4.23 and the cross-sections obtained with different gamma 
rays are tabulated in Table - 4.24. 
Table - 4.19 
Experimental data for Cu(a.n) Ga reaction 
Half-life of product nucleus 
Time of irradiation, t. 
Incident flux, (^  
Number of target nuclei, N. 
34020 sec. 
1800 sec. 
8.3143X10-'--'- 2 
a-particles/cm -sec 
3.5497x10-^^ 
Project. 
Energy 
(MeV) 
16.8+1.6 
18.8+1.5 
20.7+1.4 
22o5+1.3 
24o3+1.3 
25.9+1o2 
27.5+1o2 
Gamma-
Energy 
(MeV) 
0.834 
1.039 
0.834 
lc039 
0o834 
1.039 
0.834 
1.039 
0.834 
1.039 
0o834 
1.039 
0.834 
1.039 
Absolo 
Y-intens. 
6.1 
38.0 
6.1 
38.0 
6.1 
38 oO 
6.1 
38.0 
6.1 
38.0 
6.1 
38.0 
6ol 
38 oO 
Geometry 
dependent 
efficien. 
0.00815 
0.00611 
0.00815 
O0OO6II 
0.00815 
0.00611 
0.00815 
O0OO6II 
0.00815 
0.00611 
.0.00815 
0.00611 
0.00815 
0.00611 
Y-self 
absorp. 
factor 
K 
0.99962 
0.99968 
0.99962 
0.99968 
0.99962 
0.99968 
0.99962 
0o99968 
0.99962 
0.99968 
0.99962 
0.99968 
0.99962 
0o99968 
Time 
lapse 
(sec) 
20820 
20820 
22980 
22980 
24420 
24420 
25860 
25860 
27180 
27180 
28440 
28440 
29700 
29700 
Record, 
time 
^3 
(sec) 
500 
500 
500 
500 
500 
500 
500 
500 
500 
500 
500 
500 
500 
500 
Photo 
peak 
count 
(A) 
60640 
263876 
33772 
147700 
35328 
154567 
23348 
101468 
13680 
58820 
7742 
36138 
5351 
23824 
: 113 : 
Table - 4.20 
Activation cross-sections for the Cu(a,n) Ga reaction 
Ea 
(MeV) 
16.8^1.6 
18.8+1.5 
20.7+1.4 
22.5+1.3 
24.3+lo3 
25.9+1.2 
27.5+lo2 
Experimental 
Cross-sections (mb) 
rays of 
0.834 MeV 
352.78+3.50 
205.31+2.69 
221.16+2.84 
150.52+2.39 
90.59+1o87 
52.60+1.52 
37.30+1o28 
Table 
obtained with gamma-
1.039 MeV 
328,70+0.83 
192.26+0.58 
207.19+0.57 
140.06+0.52 
83.41+0.41 
52.57+0c33 
35.56+0.28 
- 4.21 
data for ^^Cu(a,n)^^Ga+^^Cu(a.3n)^^Ga 
Weighted 
average 
- cross— 
section(mb) 
329.97^3.80 
192.84+1.90 
207.72+1.90 
140.54+1.54 
83.73+1.06 
52.58+0o33 
35.64+0.27 
reactions 
Half- l i fe of product nucleus= 
Time of irradiation, t, = 
Incident flux, ^  = 
Number of target nuclei, N 
34020 sec. 
1800 sec 
8,3143x10 a-part./cm -sec. 
= 1.5313xlO-'-^  
Project. 
Energy 
Ea 
(MeV) 
Gamma-
Energy 
(MeV) 
Absol. 
Y-intens 
Geometry 
dependent 
efficien. 
^.G 
Y-self 
absorp. 
factor 
K 
Time 
lapse 
(sec) 
Record, 
time 
(sec) 
Photo 
peak 
count 
(A) 
30.1+1.1 
32.7+1.0 
35.0+1.0 
37.3+0.9 
39.4+0o9 
0.834 
1.039 
0.834 
1.039 
0.834 
lo039 
0o834 
1.039 
0.834 
1.039 
6.1 
38.0 
6.1 
38.0 
6.1 
38.0 
6.1 
38.0 
ea 
38.0 
0.00815 
0.00611 
0.00815 
0.00611 
0.00815 
0.00611 
0.00815 
0.00611 
0.00815 
0.00611 
0.99962 
0.99968 
0.99962 
0.99968 
0.99962 
0.99968 
0.99962 
0.99968 
0.99962 
0.99968 
30900 
30900 
32220 
32220 
33660 
33660 
34980 
34980 
36180 
36180 
500 
500 
500 
500 
500 
500 
500 
500 
500 
500 
3164 
14970 
4803 
19747 
7184 
30434 
10087 
44062 
12005 
52803 
114 : 
Table - 4»22 
Activation cross-sections for Cu(a,n) Ga + Cu(a,3n) Ga reactions 
p 
^a 
(MeV) 
30.1+1.1 
32.7+1.0 
35.O+I0O 
37.3+0.9 
39.4+0.9 
Cri 
ra" 
Experimental 
OSS-sections (mb) 
ys of 
0.834 MeV 
52.39+2.50 
81.70+2.82 
125.84+3.63 
181.51+4.41 
221.37+4.92 
Tabl( 
data for Cu(a,i 
obtained with gamma-
5 - 4. 
n)^^Ga 
1.039 MeV 
53.08+2.50 
71.91+0.62 
114.15+0.80 
169.77+0.97 
208.49+1.09 
23 
reaction (Above 
Weighted 
average 
cross~ 
section(mb) 
53.05+0.52 
72.36+1.45 
114.69+1.73 
170.32+1.75 
209.80+1.92 
30.1 MeV) 
Half-life of product nucleus = 34020 sec. 
Time of irradiation, tj^  = 1800 sec. 
Incident flux, $ = 8.3143xlO"''''"a-part./cm^ -
19 Number of target nuclei, N^ = 3.5497x10 
sec 
Project. 
Energy 
(MeV) 
30.1+1.1 
32.7+1.0 
35.0+1.0 
37o3+0.9 
39.4+0 «>9 
Gamma-
Energy 
(MeV) 
0.834 
1.039 
0.834 
1.039 
0.834 
1.039 
0o834 
1.039 
0o834 
I0O39 
Absol. 
Y-intens. 
(•/) 
6.1 
38.0 
6.1 
38.0 
6.1 
38.0 
6.1 
38.0 
6.1 
•38.0 
Geometry 
dependent 
efficien. 
€ .G 
0.00815 
0.00611 
0.00815 
0.00611 
0.00815 
0.00611 
0.00815 
0.00611 
0.00815 
0.00611 
Y-self 
absorp. 
factor 
K 
Oo99962 
0.99968 
0o99962 
0.99968 
0.99962 
0.99968 
0.99962 
0.99968 
0.99962 
0.99968 
Time 
lapse 
^2 
(sec) 
30900 
30900 
32220 
32220 
33660 
33660 
34980 
34980 
36180 
36180 
Record, 
time 
^3 
(sec) 
500 
500 
500 
500 
500 
500 
500 
500 
500 
500 
Photo 
peak 
• count 
(A) 
3008 
14028 
2014 
9395 
1484 
6922 
1116 
5207 
859. 
4005 
: 115 
Table -4.24 
Activation cross-sections for the "'Cu(a,n) Ga reaction 
(Above 30.1 MeV) 
(MeV) 
3 0 . 1 + 1 . 1 
3 2 . 7 + 1 . 0 
3 5 . 0 + 1 . 0 
3 7 . 3 + 0 . 9 
3 9 . 4 + 0 . 9 
C r o s s - s e c t i o n £ ( m b ) w i t h 
qamma-
0 . 8 3 4 MeV 
2 1 . 4 9 + 1 . 0 3 
1 4 . 7 8 + 0 . 5 1 
1 1 . 2 1 + 0 . 3 2 
8 . 6 6 + 0 . 2 1 
6 . 8 3 + 0 . 1 5 
- r a y s of 
1.039 MeV 
2 1 . 4 6 + 0 . 2 2 
1 4 . 7 6 + 0 . 1 3 
1 1 . 2 0 + 0 . 0 8 
8 . 6 5 + 0 . 0 5 
6 . 8 2 + 0 . 0 4 
Weighted 
a v e r a g e 
c r o s s -
s e c t i o n (mb) 
2 1 . 4 6 + 0 . 2 1 
1 4 . 7 6 + 0 . 1 2 
1 1 . 2 0 + 0 . 0 8 
8 . 6 6 + 0 . 0 5 
6 . 8 2 + 0 . 0 4 
4.5.2.2 ^^Cu(a,2n) and ^^Cu(a.pn) Reactions 
63, The Q-values for (a,2n) and (a,pn) reactions on Cu are 
-16.65 MeV and -12.59 MeV respectively. The (a,2n) reaction 
65 produces an unstable Ga residual nucleus, which decays by 
^"^{Sty.) and electron capture (14j^ ) with a half-life of 15.2' 
65 
minutes to the excited states of Zn (unstable isotope) which 
itself de-excite with a half-life of 244.02 days by its charac-
teristic gamma rays. In the present measurements, there was a 
time gap of about 6.0 hours between the stop of irradiation and 
the start of counting. Thus, the 15,2 minutes half-life due to 
(a,2n) reaction could not be observed. The half-life of 244.02 
days was followed and therefore, the measured cross-sections 
are the cumulative sum of both the reactions. The cross-
sections have been studied by considering the gamma ray of 
116 : 
65 • 1.116 MeV obtained from the decay of Zn. The cross-sections 
have been measured at twelve incident a-particle energies. The 
decay scheme of Ga and Zn are given in Fig. 4.7(b). The 
experimental data required in the "calculation of the cross-
sections are given in Table - 4,25. The cross-sections obtained 
using these values are given in Table - 4.26. 
Table - 4.25 
Experimental data for Cu(a,2n) Ga + Cu(a.pn) Zn reactions 
Half-life of product nucleus = 21083328 sec. 
Time of irradiation, t, = 1800 sec. 
11 Incident flux, 
Number of target nuclei, N^ = 3.5497x10 
8.3143x10 
a-particles/cm'^-sec. 
19 
Project 0 
Energy 
(MeV) 
16.8+1.6 
18.8+1.5 
20o7+1.4 
22.5+1o3 
24.3+1c3 
25.9+1o2 
27.5+1.2 
30.1+1.1 
32.7+1oO 
35.0+1.0 
37.3+0.9 
39o4+0.9 
Gamma-
Energy 
^^ ^ 
(MeV) 
1.116 
1.116 
I0II6 
I0II6 
1.116 
I0II6 
iai6 
1.116 
1.116 
I0II6 
lcll6 
I0II6 
Absolo 
Y-intens. 
50.8 • 
50.8 
50o8 
50.8 
50.8 
50.8 
50.8 
50.8 
50.8 
50.8 
50.8 
50o8 
Geometry 
dependent 
efficien. 
£.G 
0.00542 
0.00542 
0.00542 
0.00542 
0.00542 
0.00542 
0.00542 
0.00542 
0.00542 
Oo00542 
0.00542 
0.00542 
Y-self 
absorp. 
factor 
K 
0.99968 
0.99968 
0.99968 
0.99968 
0.99968 
0.99968 
0.99968 
0.99968 
0.99968 
0.99968 
0,99968 
0o99968 
Time 
lapse 
^2 
(sec) 
20820 
22980 
24420 
25860 
27180 
28840 
29700 
30900 
32200 
33660 
34980 
36180 
Record, 
time 
^3 
(sec) 
500 
500 
500 
500 
500 
500 
500 
500 
500 
500 
500 
500 
Photo 
peak 
count 
(A) 
552 
600 
874 
1242 
2242 
2642 
2168 
1838 
1596 
-
-
1284 
117 
Table - 4 .26 
6 "^  65 
A c t i v a t i o n c r o s s - s e c t i o n s for ^Cu(a,2n) Ga + 
Cu(Q:,pn) Zn r e a c t i o n s 
E^ Cross - sec t ion (mb) wi th 
gamma ray of 1,116 MeV (MeV) 
16.8+1.6 229.56+83.17 
18.8+1.5 249.53+63.22 
20.7+1o4 363.50+63.63 
22.5+1o3 516.58+54.07 
24.3+1o3 932.54+78.61 
25.9+1.2 1098.97+62.39 
27.5+1.2 901.84+54.08 
30.1+1.1 764.60+45.76 
32.7+1.0 663.95+50.34 
35oO+1.0 
37.3+0o9 
39.4+0.9 534.23+74.39 
4.5.2.3 ^^Cu(a,n) Reaction 
The Q-value of this reaction is -5.83 MeV. This reaction 
produces Ga residual nucleus (unstable) which decays by ^ (90^) 
and electron capture (10/.) with a half-life of 68.33 minutes to 
tne excited states of Zn (stable isotope). The reaction has 
been studied by considering the intense gamma ray of 1.077 MeV. 
The cross-sections have been measured at four a-particle ener-
gies. The decay scheme of Ga is shown in Fig. 4.7(c). The 
values of the parameters used in the calculation of cross-sections 
: 118 •: 
are given in Table - 4.27. The cross-sections obtained using 
these parameters are given in Table - 4.28. 
Table - 4.27 
Experimental data for Cu(a,n) Ga reactions 
Half-life of product nucleus = 4099 sec. 
Time of irradiation, tj^  = 1800 sec. 
Incident flux, | = B.SMSxlO'^ -'-
Number of target nuclei, N. = 1.5313x10 
a-particles/cm -sec 
19 
Project. 
Energy 
(MeV) 
16.8+1.6 
18.8+1.5 
20.7+1.4 
22.5+1.3 
Gamma-
Energy 
(MeV) 
1.077 
1.077 
1.077 
1.077 
Absol. 
Y-intens. 
^ 
i'A) 
3.0 
3.0 
3.0 
3.0 
Activation cross 
Geometry 
dependent 
efficien. 
i .G 
0.00560 
0.00560 
0.00560 
0.00560 
Table - 4. 
-sections f 
reaction 
Y-self 
absorp. 
factor 
K 
0.99968 
0.99968 
0.99968 
0.99968 
28 
+ u 65 or the 
Time 
lapse 
(sec) 
20820 
22980 
24420 
25860 
Record, 
time 
(sec) 
500 
500 
500 
500 
'Cu(a,n)^^Ga 
Photo 
peak 
count 
(A) 
4429 
1807 
1124 
743 
""a 
(MeV) 
Cross-sections(mb) with 
gamma ray of 1.077 MeV 
16.6+1.6 
18.8+1.5 
20.7+1.4 
22.5+lo3 
556.27+43.08 
326.99+44.15 
256.46+58.40 
218.79+59.77 
• 1 1 Q • 
4.5.2.4 65 Cu(a,2n) Reaction 
65 
This reaction on Cu having a Q-value of -14,12 MeV, produces 
/I'-t 
unstable Ga residual nucleus, and which decays mainly by elec-
tron capture with a half-life of 78.26 hours to the excited 
states of Zn (stable isotope). The gamma rays of 0.093 MeV, 
0.185 MeV and 0.300 MeV obtained from the decay of "^^ Ga have 
been considered in the analysis of (a,2n) reaction cross-sections 
The cross-sections for this reaction have been measured at 
twelve incident a-particle energies. The decay scheme of Ga 
is shown in Fig. 4.7(d). The experimental data required in the 
calculation of cross-sections are given in Table - 4.29. The 
cross-sections obtained using these values are given in 
Table - 4.30. 
Table - 4.29 
Experimental data for Cu(g,2n) Ga reaction 
Half-life of product nucleus = 281736 sec. 
Time of irradiation, t, = 1800 sec. 
Incident flux, (j) = 8.3143x10 ^ 
a-particles/cm -sec. 
19 Number of target nuclei, N = 1.5313x10 
Project. 
Energy 
(MeV) 
16.8+1.6 
Gamma-
Energy 
(MeV) 
Oo093 
0.185 
0.300 
Absol. 
Y-intens. 
^ 
38.0 
23.6 
19.0 
Geometry 
dependent 
efficien. 
6.G 
0.03970 
0.02900 
0.02170 
y-self 
absorp. 
factor 
K 
0.99838 
0.99915 
0.99945 
Time 
lapse 
^2 
(sec) 
20820 
20820 
20820 
Record, 
time 
^3 
(sec) 
500 
500 
500 
Photo 
peak 
count 
(A) 
23260 
10215 
7523 
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Coi 
18, 
20, 
22, 
24. 
25, 
27, 
30, 
32, 
37, 
39, 
Ttdo, 
.b^rl 
.72^1, 
.5+1 
.3+1, 
.9+1, 
.5+1, 
.1+1, 
.7+1, 
.O2I' 
.3+0, 
.4+0, 
• w* 
.4 
.3 
.3 
.2 
.2 
.1 
.0 
.0 
= 9 
.9 
O0O93 
0.185 
0.300 
O.U93 
0.185 
0.300 
0.093 
0.185 
0.300 
0.093 
0.185 
0.300 
0.093 
0.185 
Oo300 
0.093 
0.185 
0.300 
0.093 
0.185 
0.300 
0.093 
0.185 
0.300 
Oc093 
0.185 
0.300 
0.093 
Ool85 
0.300 
0.093 
0.185 
0.300 
lie - ^.z^. 
38.0 
23.6 
19.0 
38.0 
23.6 
19.0 
38.0 
23.6 
19.0 
38.0 
23.6 
19.0 
38.0 
23.6 
19.0 
38.0 
23.6 
19.0 
38.0 
23.6 
19o0 
38.0 
23.6 
19o0 
38.0 
23o6 
19.0 
38.0 
23.6 
19o0 
38.0 
23.6 
19o0 
O0O397O 
O0O29OO 
0.02170 
0.03970 
0.02900 
0.02170 
0.03970 
0.02900 
0.02170 
0.03970 
0.02900 
0.02170 
0.03970 
0.02900 
0.02170 
0.03970 
0.02900 
0.02170 
0.03970 
0.02900 
0.02170 
0.03970 
0.02900 
0.02170 
0.03970 
0.02900 
0c02170 
0.03970 
0.02900 
0.02170 
0.03970 
0.02900 
0.02170 
0.99838 
0.99915 
0.99945 
0.99838 
0.99915 
0.99945 
0.99838 
. 0.99915 
0.99945 
0.99838 
0.99915 
0.99945 
0.99838 
0.99915 
0.99945 
0.99838 
0.99915 
0.99945 
0.99838 
Oo99915 
0.99945 
0o99838 
0.99915 
0o99945 
0.99838 
0.92915 
0.99945 
0o99838 
0.99915 
0o99945 
0.99838 
0.99915 
0.99945 
22980 
22980 
22980 
24420 
24420 
24420 
25860 
25860 
25860 
27180 
27180 
27180 
28440 
28440 
28440 
29700 
29700 
29700 
30900 
20900 
30900 
32220 
32220 
32220 
33660 
33660 
33660 
34980 
34980 
34980 
36180 
36180 
36180 
500 
500 
500 
500 
500 
500 
500 
500 
500 
500 
500 
500 
500 
500 
500 
500 
500 
500 
500 
500 
500 
500 
500 
500 
500 
500 
500 
500 
500 
500 
500 
500 
500 
84740 
41476 
26358 
165024 
80637 
51244 
202022 
98716 
62733 
211424 
103310 
65653 
223922 
109417 
69534 
221383 
108176 
68745 
203300 
99340 
63129 
183234 
82673 
52538 
125711 
61427 
39036 
102557 
50113 
31846 
72305 
35331 
22453 
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Table 4 .30 
Activation cross-sections for the Cu(a,2n) Ga reaction 
(MeV) 
Cross-sections(mb) with gamma rays of 
0.093 MeV 0.185 MeV 0.300 MeV 
Weighted 
average 
cross-
section(mb) 
I6.8+I06 
18.8+1.5 
20.7+1o4 
22.5+1.3 
24.3+1.3 
25.9+1.2 
27.5+1.2 
30.1+1.1 
32.7+1.0 
35.0+1.0 
37.3+0.9 
39.4+0.9 
37.83+2.13 
211.82+2.44 
413.97+3.03 
508.57+2.48 
533.97+2.05 
567.29+1.80 
562.60+1.64 
518.18+1.50 
468.55+1.55 
322.6CI+1.71 
264.04+1.89 
186.70+2,03 
55.94+4.69 
228.35+5.13 
445.53+6.23 
547.35+5.35 
574.69+4.52 
610.55+4.06 
605.50+3.76 
557068+3.47 
465.63+3.50 
347.19+3.74 
284.17+4.07 
200o94+4.29 
68.40+6.62 
240.82+7.42 
469.86+9.09 
577.24+7.78 
606.08+6.59 
643.90+5.94 
638.57+6.04 
588.13+5.10 
491.06+5.12 
366.15+6.24 
299.68+5.90 
211.91+6.22 
58.37+1.86 
216.97+3.83 
424.18+7.44 
520.22+8.90 
545.76+9.21 
579.33+9.64 
573.48+9.08 
528.71+8.66 
469.70+2.44 
329.14+5.26 
270.13+4.63 
191.11+3.30 
65 4.5.2.5 Cu(a,3n) Reaction 
65, The Q-value for (a,3n) reaction on Cu is -25.33 MeV. This 
reaction also produces the same residual nucleus Ga as was 
produced by Cu(a,n) reaction. The decay scheme of Ga is 
shown in Fig. 4.7(a). The separated counts of (a,3n) reaction 
alongwith the other experimental data are given in Table - 4.31. 
The cross-sections obtained v;ith different gamma rays at five 
a-particle energies are tabulated in Table - 4.32. 
Table - 4.31 
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Experimental data for Cu(a,3n) 3a reaction 
Half-life of product nucleus = 34020 sec. 
Time of irradia;tion, t, = 1800 sec. 
Incident flux, $ = 8.3143X10''""'- ^ 
a-particles/cm -sec 
1^9 Number of target nuclei N = 1.5313x10' 
Project. 
Energy 
(MeV) 
30.1+1.1 
32.7+1.0 
35.0+1.0 
37.3+009 
39.4+0.9 
Gamma-
Energy 
(MeV) 
0.834 
1.039 
0.834 
1.039 
0.834 
1.039 
0.834 
1.039 
0.834 
lo039 
Activation 
(MeV) 
30ol+l. 
32.7+1. 
35.0+1. 
37.3+0c 
39.4+0. 
,1 
,0 
,0 
,9 
,9 
C 
Y 
Absol. 
-intens. 
6.1 
38o0 
6ol 
38o0 
6.1 
38.0 
6.1 
38o0 
6.1 
38.0 
cross-sect, 
Geometry 
dependent 
efficien. 
I5.G 
0.00815 
0.00611 
0.00815 
0.00611 
0.00815 
0.00611 
0.00815 
0.00611 
0o00815 
0.00611 
Table - 4. 
ions for th 
;ross-sections(mbj with 
O.J 
2 
47 
99 
161 
205 
334 MeV 
.58+0. 
.44+1. 
.85+2. 
.43+3. 
.53+4. 
12 
,63 
,87 
,92 
.57 
Y-self 
absorp. 
factor 
K 
0.99962 
0.99968 
0.99962 
0.99968 
0o99962 
0.99968 
0.99962 
0.99968 
0.99962 
0.99968 
32 
65^ , e Qui, a, 3n 
aamma rays 
1.039 MeV 
3.34+0. 
37.69+0. 
88.19+0, 
149.71+0, 
192.67+1. 
04 
,32 
,62 
,86 
Time 
lapse 
^2 
(sec) 
30900 
30900 
32220 
32220 
33660 
33660 
34980 
34980 
36180 
36180 
) oa 
Record, 
time 
^3 
(sec) 
500 
500 
500 
500 
500 
500 
500 
500 
500 
500 
reaction 
Viieighted a\ 
cross-sec1 
(mb) 
» 
1 
\ 
,00 
3.28+0. 
38.06+1. 
88.70+1, 
150.25+1. 
193.26+1, 
Photo 
peak 
count 
(A) 
156 
942 
2789 
10348 
5700 
23512 
8971 
38855 
11146 
48798 
rerage 
:ion 
.15 
.32 
.69 
.73 
.90 
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4.5.3 Target Nucleus : ^ »^'71 Ga 
, 69 
Natural specpure gallium oxide (natural abundance, Ga = 
71 60.1^ i and Ga = 39.9;^ ) has been used for the preparation of 
target foils. Gallium oxide of thickness 0.9 mg/cm was deposit-
ed onto aluminium backing of thickness 6.75 mg/cm by vacuum 
evaporation technique. The stack was made of fiteen (15) target 
foils sandwiched between aluminium degraders of thickness 20.87 
2 2 
mg/cm and 6.75 mg/cm is shown in Fig. 4.2. The target stack 
was irradiated to 60 MeV a-particle beam diffused to 8 mm diameter 
The irradiation of the stack was done for 45 minutes. The oc-
beam current was \^ 100 nA. The beam current was monitored by 
'Faraday-cup' by charge collection method, kept just behind the 
target foils. The cross-sections 'for the Ga(a,xn), x = 1-3 and 
71 71 
(a,p3n) and Ga(a,n) and Ga(a,4n) reactions have been measured 
at fourteen different incident a-particle energies viz., 
9.7 + 2.0 MeV, 14.1 + 1.6 MeV, 17.8 + 1.3 MeV, 21.1 + 1.2 MeV, 
24.0 + 1.1 MeV, 26.7 + 1.0 MeV, 29.2 + 0.9 MeV, 34.6 + 0.8 MeV, 
39.5 + 0.8 MeV, 44.0 + 0.7 MeV, 48.2 + 0.7 MeV, 52.2 + 0.6 MeV, 
55.9 + 0.6 MeV and 59.5 + 0.6 MeV. A typical gamma ray spectrum 
obtained from the activation of gallium target foil by 24.0 MeV 
a-particles taken after about 13.0 hours from the stop of the 
irradiation is shown in Fig. 4.8. 
69 4.5.3.1 Ga(a,n) Reaction 
69 The Q-value for (a,n) reaction on Ga is -6.74 MeV. This 
72 
reaction produces ' As residual nucleus, which is unstable 
II 69 
A«»N 0E9'O 
sy (u -te) oo 
IL U 
A»W 7 6 S 0 
A»W IIS"0" 
U 69 
sv ,("r'>*)oo,„ 
U 69 
0 8 — 
laNNVHo/ sxNnoo 
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and decays by P {7iy.) and electron capture (23/.) with a 
72 half-life of 26.0 hours to the excited states of Ge (stable 
isotope). The decay scheme of As is shown in Fig. 4.9(a), 
The cross-sections for this reaction have been studied only 
upto 21.1 MeV a-particle energy because above this energy three 
more reactions i.e., Ga(a,a3n), Ga(a,3n) and Ga(a,2pn) 
are occuring at the same time and decays with the same gamma 
rays i.e., 0.630 MeV and 0.834 MeV as was obtained in the 
69 
Ga(a,n) reaction. The details of gamma rays and Q-values etc. 
are given in Table - 4.3. Thus, the cross-sections for (a,n) 
reaction have been measured at four incident a-particle energies 
using Oo630 MeV and 0.834 MeV gamma rays from threshold to 
21.1 MeV. The experimental data for this reaction are given in 
Table - 4.33 and the cross-sections obtained with the different 
gamma rays are tabulated in Table - 4.34. 
4.5.3.2 ^Ga(a,2n) Reaction 
69 The Q-value of (a,2n) reaction on Ga is -15.15 MeV. 
71 This reaction produces the As residual nucleus, which is un-
-stable and decays by electron capture (68/) and ^ (32/) with a 
71 half-life of 61.0 hours to the excited states of Ge (unstable 
isotope) which itself deexcite with a half-life of 11.2 days by 
71 its characteristic gamma rays. The decay scheme of As is 
shown in Fig. 4.9(b). Since the target foil was natural gallium, 
71 71 
the same residual nucleus As is also produced by Ga(a,4n) 
reaction. Therefore, the cross-sections are solely for the 
: 126 : 
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Table - 4.33 
Experimental data for Ga(g,n) As reaction 
Half-life of product nucleus = 93636 sec. 
Time of irradiation, t, = 2700 sec. 
Incident flux, $ = 5.9667X10-'--'-
Number of target nuclei, N 
a-particles/cm -sec. 
1.7648X10-'-® 
Project. 
Energy 
(MeV) 
9.7+2.0 
14.1+1.6 
17.8+1o3 
21o1+1.2 
Gamma-
Energy 
S 
(MeV) 
0.630 
0.834 
0.630 
0.834 
Oo630 
0o834 
0.630 
. 0.834 
Absol. 
Y-intens. 
7o9 
80.0 
7.9 
80.0 
7.9 
80.0 
7.9 
80oO 
Geometry 
dependent 
efficien. 
e .G 
0.01400 
0.00950 
0.01400 
0.00950 
0.01400 
0.00950 
0.01400 
0.00950 
Y-self 
absorp. 
factor 
K 
0.99993 
0.99994 
0.99993 
0.99994 
0.99993 
0.99994 
0.99993 
0.99994 
Time 
lapse 
(sec) 
59400 
59400 
57180 
57180 
55020 
55020 
52680 
52680 
Record, 
time 
^3 
(sec) 
500 
500 
500 
500 
500 
500 
500 
500 
Photo 
peak 
count 
(A) 
217 
1108 
3284 
22637 
5383 
38848 
4077 
30961 
Table - 4.34 
ftp no 
Activation cross-sections for the Ga(a,n) As reaction 
~a 
(MeV) 
Cross-sections(mb) with gamma rays of 
0.630 MeV 0.834 MeV 
weighted 
average 
cross-
section (mb) 
9.7+2.0 
14.1+1.6 
17.8+1.3 
21.1+1o2 
29.29+6.21 
435.98+15.00 
709.31+19.73 
523.53+17.34 
21.77+1.02 
437.55+3.52 
738.98+4.49 
578.84+3.87 
21.96+1.01 
437.47+3.43 
737.22+5.46 
576.21+8.32 
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(a,2n) reaction below the threshold energy of (a,4n) reaction. 
Belovv the tnresliold of (a,4n) reaction, cross-sections have 
been measured at six oc-particle energies by considering the 
gamma rays of 0.175 MeV and 1.096 MeV. The values of parameters 
used in the calculation of cross-sections are given in Table -
4.35. The cross-sections obtained using these parameters are 
shown in Table - 4.36. 
Above the threshold energy of (a,4n) reaction the cross-
sections obtained are the sum of (a,2n) and (a,4n) reactions. 
The composite cross-sections for (a,2n) and (ct,4n) reactions 
have been measured at six a-particle incident energies. Values 
of the parameters required in the calculation of the cross-
sections are given in Table - 4.37o The cross-sections obtained 
using these values are given in Table - 4o38. 
The contributions of (a,2n) and (a,4n) reactions have been 
separated as was done in the case of Cu(a,n) and Cu(a,3n) 
reactions. The separated counts of (ci:,2n) reaction above the 
threshold of (ci:,4n) reaction alongwith the other experimental 
data are given in Table - 4.39 and the cross-sections obtained 
using these values are tabulated in Table - 4.40. 
69 4.5.3.3 Ga(a,3n) Reaction 
69 
This reaction on Ga, Q-value of -26.77 j»ieV, produces 
As residual nucleus, which is unstable anadecays by p'^ (,84>0 
and electron capture (16/i) with a half-life of 53.0 minutes to 
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Table - 4.35 
Experimental 
Project. 
Energy 
(MeV) 
17.8+1.3 
21.1+1o2 
24oO+l.l 
26.7+1.0 
29.2+0o9 
34o6+0o8 
Half-
data for 
-life of 
Time of 
I 
Ga(a,2n) As reaction(Below 
product nucleus = 219600 sec. 
irradiation, 
ncident fluxj 
Number of target nuclei. 
Gamma-
Energy 
(MeV) 
0.175 
1.096 
0.175 
lo096 
0.175 
1.096 
0.175 
1.096 
0.175 
1.096 
0ol75 
1.096 
Absol. 
Y-intens 
i'A) 
83.7 
4.2 
83.7 
4.2 
83.7 
4.2 
83.7 
4.2 
83.7 
4.2 
83o7 
4o2 
Geometry 
dependent 
efficien. 
€.G 
0.04220 
0.00670 
0.04220 
0.00670 
0.04220 
0.00670 
0.04220 
0.00670 
0.04220 
0.00670 
0.04220 
0.00670 
t-j^  = 2700 sec. 
. § = 5. 
a-
No =- 1' 
Y-self 
absorp. 
factor 
K 
0.99988 
0.99995 
0.99988 
0.99995 
0.99988 
0.99995 
0.99988 
0.99995 
0.99988 
0.99995 
0.99988 
0.99995 
9667xl0-'--^  
•particles 
7648xl0-'-^ 
Time 
lapse 
(sec) 
55020 
55020 
52680 
52680 
47700 
47700 
30300 
30300 
28080 
28080 
25860 
25860 
39.5 MeV) 
/cm -sec. 
1 
Record, 
time 
(sec) 
500 
500 
500 
500 
500 
500 
501 
501 
500 
500 
504 
504 
Photo 
peak 
count 
(A) 
1736 
-
35522 
295 
90050 
731 
129444 
995 
111283 
820 
95562 
760 
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Table - ^-36 
ACtivaxion c r o s s - s e c t i o n s for the ^ ' 3 - ( a , 2 n ; "As r e a c t i o n 
^a 
(MeV) 
17.8+1.3 
21.1+1.2 
24.0+1.1 
26.7+1.0 
29.2+0.9 
3406+008 
Cross-sections(mb) 
0.175 MeV 
13.10+1.19 
266.12+2.24 
664.12+2.44 
901.83+2.70 
771.44+2.51 
652.60+2.44 
viith gamma rays of 
1.096 MeV 
«. 
277.33+47.44 
676.49+43.50 
869.87+50.71 
713.30+47.84 
651.27+52.27 
vVeighted 
average 
cross-
section (mb) 
13.10+1.19 
266.15+2.23 
664.16+2.43 
901.74+2.69 
771.28+3.18 
652.59+2.44 
Table - 4.37 
Experimental data for Ga(a,2n) As + Ga(a,4n) As reactions 
(above 39.5 MeV) 
H a l f - l i f e of p roduc t nuc leus = 219600 s e c . 
Time of i r r a d i a t i o n , t , = 2700 s e c . 
I n c i d e n t f l u x , $ = 5.9667X10-'--'- „ 
a - p a r t i c l e s / c m - s e c . 
1 R Number of t a r g e t n u c l e i , K = 1.7648x10 
Project. 
Energy 
U'vieV) 
39o5+C.8 
44.0+0o7 
48.2+0o7 
52.2+006 
55.9+006 
59.5+O06 
Gamma-
Energy 
(MeV) 
0.175 
O0I75 
0.175 
Ocl75 
0.175 
O0I75 
Aosol. 
y-intens 0 
83o7 
83.7 
83.7 
83o7 
83o7 
83.7 
Geometry 
dependent 
efficien. 
€.G 
0.04220 
0o04220 
0.04220 
O0O422O 
0.04220 
0.04220 
•y-self 
aosorp. 
factor 
K 
0.99988 
0.99988 
0.99988 
0.99988 
0.99988 
0.99988 
Time 
lapse 
(sec) 
23760 
21000 
19080 
16620 
14340 
10560 
Hecorc. 
time 
^3 
(sec) 
511 
500 
501 
501 
501 
506 
Photo 
peak 
count 
(A) 
40577 
31880 
28209 
31886 
34241 
28638 
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Table - 4.38 
Activat ion c ross - sec t ions for the Ga(a,2n) As + 
Ga(a,4n)^-^As reac t ions (above 39.5 MeV) 
(MeV) 
Cross-sections (mb) with 
gamma ray of 0.175 MeV 
39.5+0.8 
44.0+0.7 
48.2+0o7 
52.2+0o7 
55.9+O06 
59.5+0.6 
271.51+1.77 
216.12+1.86 
189.69+1.78 
212.76+2.19 
226.84+2.23 
185.61+3.06 
Table - 4.39 
Experimental data for Ga(a,2n) As reaction(above 39»5 MeV) 
Half-life of product nucleus = 219600 sec. 
Time of irradiation, t^  = 2700 sec. 
Incident flux, y - w-o^ w^i^ xw 2 = 5c9667xlO"-" 
a-particles/cm^-sec. 
18 Number of target nuclei, N = 1.7648x10 
Project. 
Energy 
(MeV) 
39.5+0.8 
44.0+0.7 
48o2+0.7 
52.2+0.6 
55.9+O06 
59.5+0.6 
Gamma-
Energy 
(MeV) 
0.175 
0.175 
0.175 
0.175 
0.175 
0.175 
/.bsolo 
Y-intens. 
^ 
83.7 
83.7 
83.7 
83o7 
83.7 
83.7 
Geometry 
dependent 
^ .G 
0.04220 
0.04220 
0.04220 
0.04220 
0.04220 
0.04220 
Y-self 
absorp. 
factor 
K 
0.99988 
0.99988 
0.99988 
0.99988 
0.99988 
0.99988 
Time 
lapse 
^2 
(sec) 
23760 
21000 
19080 
16620 
14340 
10560 
Record, 
time 
^3 
(sec) 
511 
500 
501 
501 
501 
506 
Photo 
peak 
count 
(A) 
16441 
9819 
8923 
7495 
5736 
4320 
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Table - 4.40 
Activation cross-sections for the Ga(a,2n) As 
reaction( Above 39.5 MeV) 
EQJ Cross-sections(mb) with 
gamma ray of 0.175 MeV (MeV) 
39.5+0.8 " 110.01+0.72 
44.0+0.7 66.56+0.57 
48.2+0o7 60.00+0.56 
52.2+0.6 50.01+0.51 
55.9+0.6 38.00+0.37 
59.5+0.6 28.00+0.46 
70 the excited states of Ge(stable isotope). The decay scheme 
70 
of As is shown in Fig. 4.9(c). The reaction has been studied 
by considering the seven major gamma rays viz., 0.668 MeV, 
0o745 MeV, Oo906 MeV, 1.114 MeV, lo413 MeV, 1.708 MeV and 
2.020 MeV at seven incident a~particle energies. The 0.595 MeV 
and 1.040 MeV photopeaks cannot be used in the analysis at 
energies above the threshold of Ga(a,n) and Ga(a, 3n) reac-
tions, as the gamma rays are also associated with these reac-
tions. The experimental data for this reaction are given in 
Table - 4.41 and the cross-sections obtained with different 
gamma rays are tabulated in Table - 4.42. 
Table - 4 . 4 1 
Exper imenta l d a t a for Ga(a ,3n) As r e a c t i o n 
: 133 : 
Half-life of product nucleus = 3180 sec. 
Time of irradiation, t, = 2700 sec. 
Incident flux, $ = 5.9667X10-'-''- ^ 
a-particles/cm -sec. 
Number of target nuclei, N = 1.7648xlO"'"^  
o 
Project. 
Energy 
(MeV) 
34.6+0.8 
39.5+C08 
44.0+C.7 
Gamma-
Energy 
h 
(MeV) 
O0668 
0.745 
0.906 
I0II4 
1.413 
1.708 
2.020 
0.668 
Oc745 
0.906 
I0II4 
1.413 
1.708 
2.020 
0.668 
0.745 
0.906 
1.114 
1.413 
1.708 
2o020 
Absol. 
Y-intens. 
21»2 
20.8 
12.2 
21.2 
8.6 
17.9 
16.7 
21 o2 
2O08 
12.2 
21 o2 
8.6 
17.9 
16.7 
21o2 
20.8 
12.2 
21.2 
8.6 
17.9 
16.7 
Geometry 
dependent 
efficien. 
0,01290 
Oo01120 
0.00860 
0.00660 
0.00530 
0.00500 
0.00490 
0»01290 
Oc01120 
0.00860 
0.00660 
0.00530 
0.00500 
0.00490 
0.01290 
0.01120 
0.00860 
0.00660 
0.00530 
0.00500 
0.00490 
Y-self 
absorp. 
factor 
K 
0.99993 
0.99994 
0.99994 
0.99995 
0.99995 
0.99996 
0.99997 
0.99993 
0.99994 
0.99994 
0.99995 
0.99995 
0.99996 
0.99997 
0.99993 
0o99994 
0.99994 
0.99995 
0.99995 
0.99996 
0.99997 
Time 
lapse 
(sec) 
25860 
25860 
25860 
25860 
25860 
25860 
25860 
23760 
23760 
23760 
23760 
23760 
23760 
23760 
21000 
21000 
21000 
21000 
21000 
21000 
21000 
Record, 
time 
(sec) 
504 
504 
504 
504 
504 
504 
504 
511 
511 
511 
511 
511 
511 
511 
500 
500 
500 
500 
500 
500 
500 
Photo 
peak 
count 
(A) 
124 
114 
55 
— 
-
-
-
525 
406 
230 
244 
77 
177 
180 
1319 
1168 
507 
620 
236 
487 
416 
Contd (Table - 4.41) 
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48.2+0.7 
52o2+0.6 
55.9+O06 
59.5+0.6 
0.668 
0.745 
0.906 
1.114 
lo413 
1.708 
2 .,020 
0.668 
0.745 
0.906 
1.114 
1.413 
1.708 
2.020 
0.668 
0.745 
0.906 
1.114 
1.413 
1.708 
2.020 
0.668 
0.745 
0.906 
1.114 
1.413 
1.708 
2.020 
21.2 
20.8 
12.2 
21.2 
8.6 
17.9 
16 o7 
21.2 
20.8 
12o2 
21.2 
8.6 
17.9 
16.7 
21.2 
20.8 
12o2 
21.2 
8.6 
17.9 
16.7 
21.2 
20.8 
12.2 
21.2 
8.6 
17o9 
16.7 
0.01290 
0.01120 
0.00860 
0.00660 
0.00530 
0.00500 
0.00490 
O0OI29O 
0.01120 
0.00860 
0.00660 
0.00530 
0.00500 
0.00490 
0.01290 
0.01120 
0.00860 
0.00660 
0.00530 
0.00500 
O0OO49O 
0.01290 
0.01120 
0.00860 
0.00660 
0.00530 
0.00500 
0.00490 
0o99993 
0.99994 
0.99994 
0.99995 
0.99995 
0.99996 
0.99997 
0.99993 
0.99994 
Oc99994 
0.99995 
0.99995 
0.99996 
0.99997 
Oo99993 
0.99994 
0.99994 
0.99995 
0.99995 
0.99996 
0.99997 
0.99993 
0.99994 
0.99994 
0.99995 
0.99995 
0.99996 
0.99997 
19080 
19080 
19080 
19080 
19080 
19080 
19080 
16620 
16620 
16620 
16620 
16620 
16620 
16620 
14340 
14340 
14340 
14340 
14340 
14340 
14340 
10560 
10560 
10560 
10560 
10560 
10560 
10560 
501 
501 
501 
501 
501 
501 
501 
501 
501 
501 
501 
501 
501 
501 
501 
501 
501 
501 
501 
501 
501 
506 
506 
506 
506 
506 
506 
506 
1486 
1319 
557 
698 
291 
572 
477 
1603 
1436 
606 
810 
281 
555 
490 
1882 
1785 
716 
1197 
355 
684 
597 
2101 
2144 
891 
1285 
458 
709 
882 
135 
c 
o 
x> E 
t:-
Oi 01 C 
*-> c \ o 
XI rz in '^ 
C >-< in —' 
— o O .:' 
"_ > i-< 
•^ - o -•> 
n 
T 
f~i 
-f 1 
•<r 
0 
^ 1 
CM 
0 
»-H 
'-' 
- r | 
•7 
ro 
— 1 
vT 
—^  
— 1 
' - ' " ' 1 
• 
c 
' i ' , 
+ 1 
L'" 
c 
• 
" - w 
•— r 
0--
M 
iD 
!=-> 
'•I 
vC 
c\ 
r. 
o 
-^
CN 
r 
r. 
O 
+ 1 
f ^ 
.-^  O 
—( 
00 
0 
(M 
o 
+ 1 
^H 
r. 
iT. 
t 
r-
r-
r-i 
O 
• r l 
• ^ 
^H 
a 
r^ 
CM 
•q-
6 
•^  
1 
01 
^ 
^ 10 
^ 
c 
o 
o 
m 
c 
t-i 
< 
O 
c 
n 
•» 
a 
(0 
n 
o^  
vO 
01 
x: 
•(-> 
M 
O 
V< 
U) 
o 
•H 
-^> O 
0) 
1 
> < - . 
o 
U) 
>-
« i-l 
m 
E 
i= 
(C 
m 
J : 
-p 
•H 
^ 
y—^ 
£ 
F 
in 
c 
o 
•H 
u 
L; O 
> 
CO 
ro 
ro 
T 1 
CM 
o 
r; 
-rl 
O 
n 
£ j 
r-
• r~-
C' 
-• 1 
^^  r'; 
<N 
r-
-i 
•^  
CX5 
00 
CN 
- r l 
vO 
vO 
• 
•<J-
i n 
•H 
•H 
t ^ 
« vO 
i n 
-HI 
CN 
ro 
« CM 
n 
t - H 
o 
ro 
• \ 0 
CO 
-n 
.-H 
i n 
• O 
n 
— H 
"^  
• c 
— 
+1 
sL 
r-
c\ 
c\ 
OJ 
CNi 
O 
»—1 
C\' 
-1-1 
8 
• 00 
ro CN 
o 
ro 
• OJ 
•V 
+1 h-
CD 
• vO 
CM 
CM 
i n 
00 
• CN 
CN 
+1 
5 
• TT 
c> 
o 
•^ 
• L^ 
.-H 
- r l 
J-
1 
r-
sD 
—i 
ro 
--1 
•tf 
•-t 
+ \ i n 
vO 
• CO 
00 
f H 
r-
i n 
• 
^ 
ro 
-HI 
i n 
t~-
• ro 
CO 
»H 
^ 
CN 
• i n 
r-l 
-I-l 
c^  Tf 
• ro 
^ 
c^  
r^ 
« 
.—, 
-H 
+ \ 
n 00 
O 
o 
—I 
o^  
ro 
o^  
O 
-HI 
i n 
CN 
• 
•V 
o 
-H 
i n 
o^  
• c^  
•- I 
Xi 
o 00 
• ro 
O 
—i 
t^ 
00 
• OJ 
•-< 
+1 
—i 
• ^ 
• t ~ 
c> 
t~ 
r-
• o 
o 
+1 3^ 
t ^ 
V 
r--
o-
vO 
00 
O 
+ 1 
r^  
•-H 
• 00 
r~ 
00 
c^  
• 
r-
>-t 
+\ 
o^ t~-
• c^  
t -
t ^ 
CN 
o 
-H 
'-{ 
±' O^ 
i n 
* r-
00 
o 
:? 
* 
"c 
- " 1 
^ 1 
o 
o 
CO 
• ^ 
—i 
i n 
8 
+\ CN 
CM 
• i n 
ro 
vD 
CN 
• o 
^ 
-H i n 
t -
• 
^ 
• ^ 
ro 
i n 
o 
i n 
O 
-t- l 
r-00 
• 
o 
^ 
+1 
00 
in 
in 
lO 
in 
-t-l 
CO 
o 
ro 
c^ 
ro 
in 
ro 
-t-l 
00 
in 
+ 1 
00 
-H CN 
-H JO 
CO 
-t-l 
•o 
+1 
CN 
-t-l 
CO 
r-
o-
o 
o O 
+ 1 
r-
c> 
CO 
ro 
in 
ro 
—I ,£) 
CN -^ 
ro 
O 
in 
—I CN 
CM 
CM 
00 
o 
00 
00 
00 
c^ 
n 
o 
+ 1 
r-~ 
r^  
O 
in 
ro 
O 
00 
O 
CM 
X 
CN 
-t-l 
o OD 
• o 
i n 
o 
^ 
+ \ 
o 
r o 
e 
o i n 
CT' 
•—( 
-I-l 
O. 
ro 
• 
'-I 
—1 
O 
^H 
-n 30 
ro 
• O 
i n 
r^  
O 
+ 1 Ch 
vO 
• 23 
o< 
T 
o 
-t-l 
i.) 
i n 
• O 
r-
r o 
O 
-t-l 
—H 
CM 
e 
TT 
r i 
so 
• 
~ 
- r | 
o 
c 
•c 
c^  
so 
• o 
+1 i n 
e 
o^  
CO 
r~ 
• o 
-t-l 
r^ 
• 
•^  
• ^ 
t ^ 
•» O 
-I-l 
CM 
• CD 
' J 
vO 
• o 
•»-l 
CI 
• CM 
iT) 
o 
• o 
- r | 
Qy 
*» lO 
u') 
O 
« o 
^ 
o 
• 0^ 
lO 
: 136 : 
4.5.3.4 69 Ga(a,p3n) Reaction 
69. The i^-vr.lue for (a,p3n) reaction on Ga is -32.04 ^ leV. 
69 This reaction proauces Ge residual nucleus (unstable) which 
decays by electron capture (64><) and ^'^{36'/) with half-life of 
39.0 hours to the excited states of Ga (stable isotope). The 
decay scheme of Ge is shown in Fig. 4.9(d). The gamma rays of 
0.574 MeV, 0.872 MeV and 1.106 MeV obtained from the decay of 
69 
Ge were used in the analysis of this reaction. The cross-
sections for this reaction have been measured at five incident 
a-particle energies. The experimental data for this reaction 
required in the calculations of cross-sections are given in 
Table - 4.43. The cross-sections obtained using these values 
are given in Table - 4^44. 
Table - 4o43 
69 69 Experimental data for Ga(a,p3n) Ge reaction 
Half-life of product nucleus = 140580 sec. 
Time of irradiation, t, = 2700 sec. 
Incident flux, | = 5.9667X10-'--'- ^ 
a-particles/cm -sec. 
1 R 
Number of target nuclei, N = 1.7648x10 
Project. Gamma- Absol. 
Energy Energy y-intens 
Ea Ey e^ 
(MeV) (MeV) {'/,) 
Geometry 
dependent 
efficien. 
€.G 
Y-self 
absorp-
factor 
K 
Time 
lapse 
^2 
(sec) 
Record, 
time 
H 
(sec) 
Photo 
peak 
count 
(A) 
44.0+0.7 0.574 11.6 0.01550 0o99993 
0.872 10.3 0.00900 0.99994 
1.106 27.0 0.00660 0.99995 
21000 500 451 
21000 500 240 
21000 500 475 
Contd, 
: 137 :\ 
48.2+0.7 
52.2+0.6 
55.9+0.6 
59.5+0.6 
0.574 
0.872 
1.106 
0.574 
0.872 
1.106 
0.574 
0.872 
1.106 
0.574 
0.872 
1.106 
llo6 
10.3 
27.0 
11.6 
10o3 
27.0 
11.6 
10o3 
27.0 
llo6 
10.3 
27.3 
0.01550 
0.00900 
0.00660 
0.01550 
0.00900 
0.00660 
0.01550 
0.00900 
0.00660 
0.01550 
0.00900 
0.00660 
0.99993 
0.99994 
• 0.99995 
0.99993 
0.99994 
0.99995 
0.99993 
0.99994 
0.99995 
0.99993 
0.99994 
0.99995 
19080 
19080 
19080 
16620 
16620 
16620 
14340 
14340 
14340 
10560 
10560 
10560 
501 
501 
501 
501 
501 
501 
501 
501 
501 
506 
506 
506 
1355 
765 
1426 
2350 
1382 
2481 
4221 
2115 
3908 
3624 
1986 
3914 
Table - 4.44 
Activation cross-sections for the Ga(a,p3n) Ge reaction 
^a 
(MeV) 
44.0+0o7 
48.2+0.7 
52.2+0.6 
56.9+0.6 
59.5+0.6 
Cross-sect 
0.574 MeV 
39.99+10c29 
118.79+10o52 
203.54+11.17 
361.50+14o99 
301.64+17o56 
ions (mb) with g 
0o872 MeV 
41.28+15.13 
130.07+14.79 
232.14+15.96 
351.29+21c43 
320o58+26.31 
amma rays of 
I0IO6 MeV 
42.52+06044 
126018+07.34 
216089+09.27 
337.82+11.84 
328.82+15.29 
Weighted 
average 
cross-
section(mb)_ 
41075+05.14 
124.66+05.58 
214.89+06.51 
347.62+08.53 
317.66+10.50 
: 138 : 
4.5.3.5 71 Ga(a,n) Reaction 
The (a,n) reaction on Ga produces As residual nucleus, 
which is unstable and decays by el.ectron capture {21-/*) and 
(^•^ (31/.) with a half-life of 17.78 days to the excited states of 
Ge (stable isotope). The Q-value of this reaction is -4,93 
MeV. The decay scheme of As is shown in Fig. 4.9(e). The 
cross-sections for this reaction have been measured at seven 
incident a-particle energies using the 0.595 MeV gamma ray. 
Values of parameters required in the calculation of cross-sec-
tions are given in Table - 4,45. The cross-sections obtained 
using these values are given in Table - 4.46. 
Table - 4.45 
Experimental data for Ga(oc,n) As reaction 
Half-life of product nucleus = 1537056 sec. 
Time of irradiation, t, = 2700 sec. 
Incident flux, ^ = 5.9667x10 ^ 
a-particles/cm -sec. 
1 Q 
Number of target nuclei, N = 1.1386x10 
Project, 
Energy 
(MeV) 
9,7+2.0 
14.1+1,6 
17.8+1o3 
21ol+lo2 
24.0+1,1 
26o7+l,0 
29o2+0o9 
Ganma-
Energy 
(N.eV) 
0.595 
0.595 
Oo595 
0.595 
0.595 
0o595 
0.595 
Absol. 
Y-intens. 
60oO 
60,0 
60,0 
60.0 
60,0 
60oO 
60,0 
Geometry 
dependent 
efficien. 
0.01500 
0.01500 
0.01500 
0.01500 
0.01500 
Oo01500 
0.01500 
Y-self 
absorp. 
factor 
K 
0.99992 
0.99992 
0.99992 
0o99992 
0.99992 
0.99992 
0o99992 
Time 
lapse 
(sec) 
59400 
57180 
55020 
52680 
47700 
30300 
28080 
Record, 
time 
^3 
(sec) 
500 
500 
500 
500 
500 
501 
500 
Photo 
peak 
count 
(A) 
158 
2084 
2152 
927 
490 
238 
174 
: 139 
Table - 4.46 
Activation cross-sections for the Ga(a,n) As 
reaction 
_ Cross-sections(mb) with 
a gamma-ray of 0.595 MeV (MeV) 
9o7+2.0 43.61+09.94 
14.1+1.6 574.69+30.06 
17,8+1.3 592.86+37.74 
21ol+lo2 255.11+34.40 
24.0+1.1 134.55+24.44 
26.7+1.0 64.72+17.40 
29.2+0.9 47.36+14.70 
71 4.5.3.6 Ga(a,4n) Reaction 
The Q-value for (a,4n) reaction on Ga is -32.10 MeV. 
71 This reaction produces the same residual nucleus As as was 
produced by Ga (a,2n) reaction. The decay scheme of "^"''As 
is shown in Fig. 4.9(b)o The separated counts of (a,4n) 
reaction alongwith other experimental data are given in 
Table - 4.47 and the cross-sections obtained with the gamiria 
ray of 0ol75 MeV are tabulated in Table - 4-.48. 
: 140 : 
Table - 4o47 
71 71 Experimental data for Ga(a,4n) As reaction 
Half-life of product nucleus = 219600 sec. 
Time of irradiation, t-, = 2700 sec. 
Incident flux, | = 5.9667X10-'--'- 2 
a-particles/cm -sec, 
18 Number of target nuclei, N. = 1.1386x10 
Project. 
Energy 
(MeV) 
48.2+0.7 
52.2+006 
55.9+0c6 
59.5+0.6 
Gamma-
Energy 
(MeV) 
0.175 
0.175 
0.175 
0.175 
Absol. 
Y-intens. 
83.7 
83.7 
83.7 
83.7 
Geometry 
dependent 
efficien. 
€.G 
0.04220 
Oo04220 
0.04220 
0.04220 
Y-self 
absorp. 
factor 
K 
0.99988 
0o99988 
0o99988 
0.99988 
Time 
lapse 
*2 
(sec) 
19080 
16620 
14340 
10560 
Record, 
time 
^3 
(sec) 
501 
501 
501 
506 
Photo 
peak 
count 
(A) 
19286 
24391 
28505 
24318 
Table - 4c48 
71 71 
Activation c ross - sec t ions for the Ga(a,4n) As 
reaction 
(MeV) 
Cross-section((mb) with 
gamma-ray of 60175 MeV 
48.2+0c7 
52.2+0.6 
55c9+0.6 
59.5+0.6 
201.01+1.88 
252.25+2.60 
292.69+2.89 
244.29+4.03 
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4.5.4 Target Nucleus : "^ '^^ Bi 
Specpure bismuth metal Vv'as used for target preparation. 
.o 
Bismuth metal of thickness 3.56'mg/cm was deposited onto alumi-
nium backing of thickness 6.75 mg/cm , by vacuum evaporation 
technique. The irradiation of the target foils were made in 
two different stacks. The first stack was made of 10 (ten) 
bismuth foils sandwiched between aluminium degraders of thick-
ness 20o387 mg/cm .• The second stack was .made of 10. (ten) 
bismuth foils v,;ithout any aluminium degrader foil. The stacks 
arrangement are shown in Fig. 4o2. The a-particle energy 
incident on the first stack was i*60 MeV while on the second 
stack it v>;as «* 40 MeV. The two independent a-irradiations were 
performed to cover the entire energy range, using the diffused 
a-beam of 8 mm diameter. The beam current was kept ^100 nA 
and the irradiation time was 1.0 hour in both irradiations. 
The a-particle flux and the total charge collected on 
these target stacks were monitored by charge collection method 
using a ' Farady-cup', which was kept closely behind the target 
and coupled to a calibrated charge integrator. 
The alpha particle energies obtained in the first stack were 
26.8 + 0»9 keV, 31.5 + 0o9 MeV, 35.9 + 0.8 MeV, 40.0 + 0.8 MeV, 
43.8 + 0o7 AieV, 47 o4 + 0.7 ivieV, 50o7 + 0.6 MeV, 53o9 + 0.6 MeV, 
57.0 + 0.6 MeV and 59.9 + 0.6 MeV whereas a-particle energies of 
26.8 + 0.8 MeV, 28.3 + 0.7 iueV, 29.8 + 0.7 MeV, 31.2 + 0o7 MeV, 
32.6 + 0o7 MeV, 33.9 + 0.6 MeV, 35.2 + 0.6 MeV, 36.4 + 0.6 MeV, 
37.7 + 0.6 MeV and 38.9 + Oo6 MeV were obtained in second stack. 
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Tne cross-sections for the (a,3n) and (c;.,4n) reactions on 
209 
Bi have been measured at the above energies. A typical 
gamma ray spectrum obtained from the activation of the bismuth 
target foil by 59.9 MeV a-particle energy taken after about 
42.0 hours from the stop of irradiation is shown in Fig. 4.10. 
4o5.4.1 Bi(a,3n) Reaction 
The Q-value for (a,3n) reaction on "^ ^^ Bi is -27.98 MeV. 
210 
Tnis reaction produces At residual nucleus, which is unsta-
ble and decays mainly by EC + p"*" (99.82;^ ) with a half-life 
210 
of 8.3 hours to the excited states of Po which itself de-
excite with the half-life of 138.38 days by its characteristic 
210 gamma rays. The decay scheme of At is shown in Fig. 4.11(a) 
The reaction has been studied by considering the five major 
gamma rays viz., 0c245 MeV, IdBl MeV, 1.437 MeV, 1.483 MeV 
and 1.599 MeV. The cross-sections of the reaction have been 
measured at sixteen a-particle energies considering the above 
r.entioned gamma rays. Tne experimental data for this reaction 
are given in Tables - 4.49 and - 4o50. The cross-sections 
obtained v;ith the different gamma rays are tabulated in 
Table - 4.51. 
4.5.4.2 ^^'^Bi(a,4n) Reaction 
The Q-value of (cx,4n) reaction on '^^ Bi is -35.24 MeV. 
209 This reaction produces unstable At residual nucleus which 
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Table - 4.49 
O^Q C^  1 Pi 
••xperimental data for b i (a ,3n) At reac t ion ( F i r s t s tack) 
H a l f - l i f e of product nucleus = -29880 seco 
Time of i r r a d i a t i o n , t-, = 3600 sec . 
Incident f l ux , $ = 5.7847xlO^-'- 2 
a -par t i c les /cm - s e c . 
1 o 
Number of target nuclei= 5.1536x10 
Project. 
Energy 
(i.'ieV) 
29o8+0o7 
31o2+0o7 
32o6+0o7 
33c9+0o7 
Gamma-
Energy 
(iueV) 
0.245 
1.181 
1.436 
1.483 
1.599 
0.245 
1.181 
lo436 
1.483 
lo599 
0o245 
1.181 
lo436 
1.483 
1.599 
0.245 
1.181 
1»436 
1.483 
1.599 
Absolo 
y-intens. 
79 c4 
99 0 3 
28 o9 
46.5 
13.4 
79 o4 
99o3 
28o9 
46.5 
13o4 
79 o4 
99o3 
28o9 
46 o5 
13o4 
79c4 
99.3 
28.9 
46c5 
13.4 
Geometry 
dependent 
efficieno 
^oG 
0.01010 
0.00240 
0.00200 
0.00195 
O0OOI9O 
OoOlOlO 
Oo00240 
Oo00200 
O0OOI95 
0.'00190 
0.01010 
0.00240 
0.00200 
Oo00195 
0.00190 
0.01010 
0.00240 
Oc00200 
0.00195 
0.00190 
y-self 
absorp. 
factor 
K 
Oo99891 
0.99988 
0.99989 
0»99989 
Oo99990 
0»99891 
0o99988 
0.99989 
0.99989 
Oo99990 
0o99891 
0o99988 
0c99989 
0o99989 
0o99990 
0.99891 
0o99988 
0.99989 
0.99989 
0.99990 
Time 
lapse 
-^2 
(sec) 
13020 
13020 
13020 
13020 
13020 
15900 
15900 
15900 
15900 
15900 
21600 
21600 
21600 
21600 
21600 
22380 
22380 
22380 
22380 
22380 
Record, 
time 
^3 
(sec) 
300 
300 
300 
300 
300 
300 
300 
300 
300 
300 
300 
300 
300 
300 
300 
300 
300 
300 
300 
300 
Contd.. 
Photo 
peak 
count 
(A) 
6515 
1969 
480 
740 
-
8129 
2413 
556 
920 
-
108956 
31828 
7740 
12185 
-
222586 
63248 
15381 
24408 
J • « • • 
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Co I 
35 
36 
37 
38 
o2+0.6 
.4+0 ..6 
o7+0o6 
o9+0o6 
0.245 
1.181 
lo436 
lo483 
lo599 
0o245 
1.181 
1.436 
lc483 
lc599 
0o245 
1.181 
lo436 
lo483 
lo599 
0.245 
1.181 
1.436 
lo483 
lo599 
)le - 4c4S 
79.4 
99o3 
28o9 
46.5 
13o4 
79.4 
99o3 
28.9 
46.5 
13o4 
79 o4 . 
99o3 
28c3 
46.5 
13.4 
79.4 
99o3 
28o3 
46 o5 
13 c4 
OoOlOlO 
Oo00240 
0.00200 
0.00195 
0.00190 
a. 01010 
Oo00240 
0.00200 
0.00195 
Oo00190 
OoOlOlO 
Oo00240 
Oo00200 
O0OOI95 
0.00190 
0.01010 
Oo00240 
Oo00200 
O0OOI95 
0.00190 
0o99891 
0.99988 
0.99989 
0.99989 
0.99990 
0.99891 
0.99988 
0.99989 
Oo99989 
Oo99990 
Oo99891 
0„99988 
0.99989 
Oo99989 
Oo99990 
Oo99891 
0o99988 
0o99989 
Oo99989 
Oo99990 
24600 
24600 
24600 
24600 
24600 
26700 
26700 
26700 
26700 
26700 
30960 
30960 • 
30960 
30960 
30960 
33300 
33300 
33300 
33300 
33300 
300 
300 
300 
300 
300 
300 
300 
300 
300 
300 
300 
300 
300 
300 
300 
300 
300 
300 
300 
300 
259585 
73704 
17646 
28462 
-
350684 
99119 
24088 
38669 
-
366847 
104008 
25178 
40445 
-
309898 
86189 
21646 
33673 
— 
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Table - 4 . 5 0 
Experimental 
Project. 
Energy 
(MeV) 
31.5+0.9 
35.9+0.8 
40.0+0.8 
43o8+0o7 
Half-
data for 
-life of 
Time of 
I 
^°^Bi(a,3n)2^°At react. 
product nucl( 
irradiation, 
ncident fluX; 
Number of target nuclei. 
Gamma-
Energy 
(MeV) 
0.245 
1.181 
lo436 
1.483 
lc599 
0.245 
1.181 
1.436 
1.483 
1.599 
0.245 
1.181 
1.436 
1.483 
lc599 
0o245 
1.181 
lo436 
1.483 
1.599 
Absol. 
Y-intens 
^ 
19.A 
99.3 
28.9 
46.5 
13.4 
79o4 
99o3 
28.9 
46.5 
13.4 
79c4 
99.3 
28.9 
46.5 
13.4 
79o4 
99.3 
28c9 
46.5 
13o4 
Geometry 
dependent 
efficien. 
d.G 
0.03340 
0.00620 
0o00520 
0.00510 
0.00495 
0.03340 
0.00620 
0.00520 
0.00510 
0.00495 
0.03340 
0.00620 
0.00520 
0.00510 
0o00495 
0.03340 
0.00620 
0.00520 
0.00510 
0.00495 
5US = 29880 
t, = 3600 
ion (Second stac 
sec. 
sec. 
, 1 = 5.6524X10-'"'- 2 
a-particles/cm -sec. 
NQ = 5.1536xlO-'-^  
Y-self 
absorp. 
factor 
K 
0.99891 
0.99988 
Oo99989 
0.99989 
0.99990 
0.99891 
0.99988 
0.99989 
0.99989 
0.99990 
0.99891 
0.99988 
0.99989 
0.99989 
0.99990 
0.99891 
0.99988 
0.99989 
Oo99989 
0.99990 
Time 
lapse 
(sec) 
164820 
164820 
164820 
164820 
164820 
163320 
163320 
163320 
163320 
163320 
161640 
161640 
161640 
161640 
161640 
160140 
160140 
160140 
160140 
160140 
Record, 
time 
^3 
(sec) 
270 
270 
270 
270 
270 
271 
271 
271 
271 
271 
272 
272 
272 
272 
272 
270 . 
270 
270 
270 
270 
;k) 
Photo 
peak 
count 
(A) 
2153 
487 
119 
186 
-
38028 
9084 
2204 
3478 
957 
25629 
6015 
1473 
2183 
701 
14641 
3431 
804 
1162 
408 
148 
47, 
50. 
53. 
59 
=4+0.7 
.7+0 o 6 
.9+0o6 
.9j;0o6 
0.245 
I0I8I 
lo436 
1.483 • 
1.599 
0.245 
1.181 
lo436 
1.483 
1.599 
0.245 
1.181 
lo436 
lo483 
1.599 
0o245 
I0I8I 
lo436 
lo483 
1.599 
e — M- » ^\j J 
79o4 
99.3 
28o9 
46.5 
13o4 
79.4 
99o3 
28.9 
46.5 
13.4 
79.4 
99.3 
28.9 
46.5 
13c4 
79.4 
99.3 
28.9 
46.5 
13.4 
1 
0.03340 
0.00620 
0.00520 
0.00510 
0.00495 
0.03340 
0.00620 
0.00520 
0.00510 
0.00495 
0.03340 
0.00620 
0.00520 
OoOOSlO 
0.00495 
0.03340 
0.00620 
Oo00520 
O0OO5IO 
O0OO495 
Oo99891 
0.99988 
0.99989 
0.99989 
0.99990 
0.99891 
0.99988 
0.99989 
0.99989 
0.99990 
0.99891 
0.99988 
Oo99989 
0.99989 
0.99990 
0.99891 
0.99988 
Oo99989 
0.99989 
Oo99990 
159420 
159420 
159420 
159420 
159420 
158220 
158220 
158220 
158220 
158220 
156960 
156960 
156960 
156960 
156960 
150360 
150360 
150360 
150360 
150360 
270 
270 
270 
270 
270 
270 
270 
270 
270 
270 
271 
271 
271 
271 
271 
450 
450 
450 
450 
450 
14571 
3410 
878 
1185 
414 
13800 
3209 
723 
1199 
299 
12027 
2575 
630 
954 
213 
14461 
3433 
838 
1049 
280 
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decays by electron capture (95.9;^ ) with a half-life of 5.4 hours 
to the excited states of Po which itself de-excite with a 
half-life of 102 years by its chara-cteristic gamma rays. The" 
decay scheme of At is shown in Fig. 4.11(b). The cross-
sections for the reaction have been measured at eight incident a-
particle energies considering the 0.195 MeV, 0.545 MeV, 0.781 MeV 
and 0.790 MeV gamma rays. The values of the parameters used in 
the calculation of cross-sections are given in Tables - 4,52 
and - 4o53 and the cross-sections obtained using these values 
are tabulated in Table - 4.54. 
Table - 4.52 
Experimental data for Bi(cx,4n) At reaction (First stack) 
Half-life of product nucleus= 19440 sec. 
Time of irradiation, t-j^  = 3600 sec. 
Incident flux,$ = 5.7'847xl0-'-''' r. 
= a-particles/cm -sec. 
1 8 Number of t a r g e t nuclei,NQ= 5.1536x10 
Projecto 
Energy 
(MeV) 
37o7+0c6 
38.9+0.6 
Gamma-
Energy 
(lv>eV) 
Ool95 
0c545 
0o781 
0.790 
0.195 
0.545 
0.781 
0.790 
Absol. 
Y-intens. 
^ 
22o8 
94 o4 
86.5 
65c9 
22.8 
94.4 
86.5 
65.9 
Geometry 
dependent 
efficien. 
6.G 
Oc01160 
0.00510 
0.00342 
0.00340 
Oc01160 
0.00510 
Oo00342 
0.00340 
Y-self 
absorp. 
factor 
K 
0c99819 
0.99974 
0.99983 
0.99984 
0.99819 
0.99974 
0.99983 
0.99984 
Time 
lapse 
^2 
(sec) 
30960 
30960 
30960 
30960 
33300 
33300 
33300 
33300 
Record, 
time 
H 
(sec) 
300 
300 
300 
300 
300 
300 
300 
300 
Photo 
peak 
count 
(A) 
^ 
1180 
716 
481 
-
5463 
3469 
2959 
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Table - 4 . 5 3 
Experimental d 
Project. 
Energy 
(MeV) 
4O0O+O.8 
4308+0.7 
47o4+0.7 
50.7+006 
53o9+0<.6 
59.9+0.6 
Half 
ata for 
-life of 
Time of 
209 209 
Bi(a,4n) At reaction (Second stac 
product nucli 
irradiation, 
Incident flux 
Number of target nuclei, 
Gamma-
Energy 
(MeV) 
0.195 
0o545 
0.781 
0.790 
0.195 
0.545 
0.781 
0.790 
0cl95 
0o545 
0o781 
0.790 
0.195 
0.545 
0.781 
0.790 
O0I95 
0.545 
0.781 
0.790 
0.195 
0.545 
0o7Bl 
Oo790 
• 
Absol. 
Y-intens 
22o8 
94.4 
86o5 
65.9 
22o8 
94.4 
86.5 
65o9 
22.8 
94.4 
86o5 
65.9 
22 08 
94.4 
86 o5 • 
65.9 
22o8 
94.4 
86.5 
65.9 
22.8 
94.4 
86.5 
65o9 
Geometry 
dependent 
efficien. 
£.G 
0.03900 
O0OI62O 
0.01040 
0.01020 
0.03900 
0.01620 
0.01040 
0.01020 
0.03900 
0.01620 
0.01040 
0.01020 
0.03900 
Oo01620 
O0OIO4O 
0.01020 
0.03900 
O0OI62O 
0.01040 
0.01020 
0.03900 
O0OI62O 
0.01040 
0.01020 
eus = 19440 sec. 
t^ = 3600 sec. 
, 1 = 5.6524xl0-^ -^  
a-particles 
% = 5. 
Y-self 
absorp. 
factor 
K 
0.99819 
0o99974 
0.99983 
0.99984 
0.99819 
0.99974 
0.99983 
0.99984 
0.99819 
0.99974 
0o99983 
0.99984 
0o99819 
0.99974 
0o99983 
0o99984 
0.99819 
0.99974 
0.99983 
0.99984 
0.99819 
0.99974 
0.99983 
0.99984 
.1536x10 
k) 
/cm -sec. 
Time Record, 
lapse time 
(sec) (sec) 
161640 
161640 
161640 
161640 
160140 
160140 
160140 
160140 
159420 
159420 
159420 
159420 
158220 
158220 
158220 
158220 
156960 
156960 
156960 
156960 
150360 
150360 
150360 
150360 
272 
272 
272 
272 
270 
270 
270 
270 
270 
270 
270 
270 
270 
270 
270 
270 
271 
271 
271 
271 
450 
450 
450 
450 
Photo 
peak 
count 
(A) 
747 
1340 
813 
617 
1787 
2712 
1699 
1256 
1981 
3433 
1958 
1425 
3509 
5326 
3387 
2504 
3116 
5042 
3087 
2307 
2759 
4209 
2552 
2025 
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4.6 Errors 
The reliaDility and utility of experimental data in a 
particular measurement depends upon the various errors involved. 
The errors involved in the measurement of cross-sections con-
sist of statistical and systematic errors. The various sources 
of errors which may creep in the present measurements, their 
estimation and steps to minimize them are described in the 
following paragraphs : 
(1) The erratic behaviour of electronic equipments may introduce 
some errors in the measurement. It can be minimized by stabli-
zing the electronic equipments for a few hours before the start 
of the experiment. 
(2) The determination of detector efficiencies may introduce 
some errors in the measurements. There may be some contribution 
to this error from any uncertainty in the strength of standard 
source, statistical count rate of the photopeaks, and in the 
absolute intensity of the relevant gamma ray. The error may be 
minimized by careful determination of the detector efficiency 
and drawing the efficiency curve by using a best polynomial fit 
using a standard computer program. The maximum uncertainty in 
the detector efficiency was estimated to be 2-/,. 
(3) The measurement of target tnickness may also introduce 
some errors. This error was minimized by cutting the target 
foils to the standard sizes and accurately v;eighing them using 
a microbalance. The estimated maximum error due to this factor 
: 154 : 
was less than lyi. 
(4) Fluctuations in the alpha beam current may also introduce 
some errors in the current integrator reading due to incomplete 
charge collection at the 'Faraday cup'. The fluctuations were 
brought to a minimum by adjusting the necessary parameters in 
the operation of the cyclotron, particularly during a certain 
irradiation. The uncertainty due to this type of error was 
estimated to be less than 2'/,. 
(5) The adopted values of stopping powers of the different 
targets also introduce some errors in the estimation of the 
incident alpha energies. Accuracy of stopping power values was 
17) 
not estimated by the authors '. 
(6) The inaccurate measurement of irradiation time, the time 
lapse between the stop of irradiation and start of counting as 
well as the counting time may introduce some errors. The 
estimated upper limit for this error is less than lyi in the 
present measurements. 
(7) Some errors may also be introducea due to non-reproduci-
bility of the geometries of irradiation and counting systems. 
HovjeveXt this type of error was minimized by fixing the position 
of the target holder during irradiation and counting. A 
maximum error of ly. was estimated in the present measurements. 
(8) Any error in the values of half-life and absolute gamma ray 
intensities may contribute some errors. In the present measure-
ments, the errors were minimized by using latest available • 
data^O). 
: 155 : 
(9) Gamma rays self absorption in the target is also a signi-
ficant factor, especially in the target which has high Z values 
and are comparatively thick. This contribution was applied to 
each case. 
(10) In addition to all the above systematic errors there will 
be statistical error in the counts under the photopeaks. This 
error varies from one case to another, depending upon the acti-
vities produced in the target foils. The statistical errors in 
the photopeak counts were estimated using the following rela-
tion"^ ^ 
©u = VX + y 
where a is the net counts, x is the total counts and y is the 
background counts. This statistical error in the counts under 
the peak was estimated to be less than- 1'/. to 35><. In some cases, 
these errors were as large as b9y. because of low intensity of 
the induced activity. 
: 156 : 
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CHAPTER - V 
RESULTS AND DISCUSSION 
In order to test the validity of the various nuclear 
reaction theories and models, there is also need for extensive 
measurements of the excitation functions. A lot of work has 
been done on the study of excitation functions of a-particle 
induced reactions for various target nuclides '^  . One of the 
2) 
pioneer works is that of Weisskopf and Ewing ^, who have 
measured the excitation functions of (a,n) reactions for some 
heavy nuclei. Later, the measurements were extended to a-
particle energies as high as 170 MeV, to explore different types 
of possible reactions •'. However, the situation regarding 
it is still unsatisfactory as there are large discrepancies in 
the reported values ^ even for a single specific reaction. 
i.iOreover, the data are incomplete and contain large errors. The 
excita-ion functions, in the past, have often been analysed on 
the basis of compound nucleus model. In general,this mechanism 
of reaction could not account for the high energy tail portion 
of the excitation functions. With this viev;, for all the 
55,. 63,65^ 69,71„ , 209^- 4. 4. i - -. n targets e.g., Mn, * Cu, Ga and Bi a total 01 19 
excitation functions have been measured between 7 and 60 MeV. 
159 
5.1 Experimental Results 
55 58 55 57 The cross-sections measured for Mn(cx,n) Co, Mn(a,2n) Co, 
^\tn(a,3n)^^Co, ^ \n( a,4n)^^Co, ^^Mn(a,an)^\4n -f- ^ \n( a,2p3n)^'^Mn, 
^\in(a,a3n)^^%n, ^^Cu(a,n)^^Ga, ^ ^Cu( a,2n)^^Ga + ^^Cu(a,pn)^^Zn, 
^^Cu(a,n)^^Ga, ^^Cu(a,2n)^'^Ga, ^ ^Cu(a,3n)^^Ga, ^ ^Ga(a,n)'^^As, 
^^Ga(a,2n)'^^As, ^ ^Ga( a,3n)'^ °As , ^ ^Ga(a,p3n)^'^Ge, '''^ Ga(a,n)'^ A^s , 
'^ •'•Ga(a,4n)'^ -'-As, ^ ^^Bi(a,3n)^-'-°At and ^°^Bi(a,4n)^°^At reactions 
are tabulated in Tables - 5.1 to 5.6. Our experimentally measured 
values alongwith earlier measurements " ' are displayed in 
Figs. 5.1 - 5o21 (with open circles). The horizontal bars in our 
results show the estimated total energy spread associated with 
each incident a-particle energy, while the vertical bars represent 
the total estimated error in cross-sections. If no error is 
depicted, the size of the circle includes the magnitude of the 
statistical error. Most of the previous reports do not show 
errors in their measurements, however, wheresoever errors are 
reported, they have been incorporated in the Figures. Further, 
it has also been observed that the maxima of the excitation func-
tions are also shifted in individual sets of measurements by 
different groups. This is probably due to the choice of differ-
ent stopping you'er tables used by each group, ivioreover, the 
previous measurements are quite old ~ ' and were taken gene-
rally using Nal(Tl) scintillation detector and proportional 
counter. 
55 For Mn(Figs. 5.1 - 5.6) two earlier measurements are 
ava l i ab le in l i t e r a t u r e * ''. Measurements reported by 
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,.£tsuo et al.* ^ cover upto 30 uleV a-particle energy for (ci,n) 
12) 
reaction only, while the measurements by lanaka et al. ' cover 
upto 40 I'.ieV ct-particle energy for (Q:,n), (a,2n), (a,3n) and 
(a,an) reactions. The data measured by Matsuo et al. ' for 
(a,n) reaction (Fig. 5.1) show severe discrepancies in the 
lower as well as in the higher region with our data, while the 
12) 
measurements of Tanaka et al. \ are in excellent agreement 
v^ /ith ours. Excitation function for the reaction (a,a3n) has, 
to the best of our knowledge, been reported for the first time. 
For ' Cu(Figs. 5o7 - 5.12), it was found that earlier 
measurements of 'Lin et al. -^  , Porile et al. ' , Hille et al. '' 
16) 17) 18) 
Bryant et al. ', Lebowitz et al. ' and Graf et al. ^ are in 
general somewhat higher than our measurements, except the 
19) 
measurements by Porges '. The excitation function data re-
19) 
ported by Porges ' are, in general, lower than previous and 
present measurements. They differ by a factor of 4, at about 
EQ. = 14 ;aeV, especially in the reactions Cu(a,n) Ga and 
Cu(a,n) Ga as shown in Figs. 5.7 and SdO. Porges ' has 
also reported the excitation function for Cu(a,3n) Ga reac-
tion, using natural Copper foils, but he has not discussed the 
procedure of separating the contributions from the reaction 
Cu(o:,n) wnich produces the same residual nucleus Ga. .^ore-
over, previous measurements differ from each other to a high 
19) 
extent, particularly the measurements by Porges ' and those 
14) 
of Porile et al. ' , The latter group has used a Nal(Tl) scin-
tillation detector and proportional counter for their measurements. 
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Their results ere in general higher than ours and other re-
ported values. 
The excitation functions measured for ' Ga (Figs. 5.13 
to 5.19) are ^*^Ga(a,n), ^^Ga(a,2n), ^^Ga(a,3n) ^'^Ga(a,p3n) , 
71 71 
Ga(a,n) and Ga(oc,4n) reactions. The present measurements 
for * Ga are to the best of our knowledge, reported for the 
first time. For Bi, an extensive study of (a,3n) and (Q:,4n) 
reactions (Figs. 5.20 - 5o21) have been done. Again, to the 
best of our knowledge, only one earlier measurement by Ramler 
20) 
et al. ' has been reported in the literature upto 42 MeV. Our 
measurements have been extended upto 60 keV cc-particle energy. 
20) The values published by the authors ^ upto 42 MeV a-particle 
energy are in agreement with our results. 
5.2 Model Calculations 
irf\any of the reactions proceed mainly via compound nucleus 
21) 
formation . Therefore, the experimental cross-sections may 
be compared v.'ith excitaxion functions calculated by means of 
the hybrid rodel, i.e., a combination of the precompound-com-
pound nucleus model. In this model the specxra of emitted 
particles are calculated for each step in the energy dissipation 
process, inauced by the interaction between projectile and target 
nucleons. The calculation starts with an initial number of 
excitons, i.e., particles above and holes below, the Fermi level 
induced by the primary interaction and proceeds to states with 
: 168 : 
an increasing exciton number. For each of these spates the 
err.ission probability for tne particles is calculated, and 
finally the integration spectra yield the cross-sections for 
the individual reactions. A more extensive description of 
the model is already given in Chapter - IIo 
22) 
For the calculations, the computer code 'ALICE/LIVERMCRE-82, 
has been used. These calculations combine theories of equili-
2) brium reactions, according to Weisskopf and Ewing ' and pre-
23') 
equilibrium reactions, according to the hybrid '' as well as 
24 •) 
the geometry dependent hybrid model ' (GDH) of Blann. In the 
equilibrium calculations the evaporation of protons, neutrons, 
deuterons and a-particles has been allowed for. The Q-value 
for the formation of the compound nucleus and the neutron, 
proton, alpha, and deuteron binding energies for all nuclides 
of interest in the evaporation chain, have been calculated 
25) 
using the Myers-Swiatecki/Lysekil mass formula ' . The pair-
energy S is calculated from the back shifted model. In these 
calculations pairing is as zero for even-even nuclides, -S for 
odd-even and -28, for oda-oad nuclides respectively with 
S = 11/'^'^. The inverse cross-sections are calculated from the 
optical model subroutine of 'ALICE/LIVERMORE-82'^^S which 
uses the Becchetti and Greenlees ' optical parameters. The 
intranuclear transition rates are calculated using the Pauli-
corrected nucleon-nucleon (N-N) scattering cross-sections, and 
the adjustment of the mean free path for intranuclear transi-
tions is done, keeping the so-called mean free path multiplier(k) 
: Ic.C' : 
constant, and equal to 3.0. 
Thelevel density parameter influences the shape as well 
21) 
as the height of the calculated excitation functions ' . For 
tne calculations the level density formula proposed by Lang 
27) 
and Le couteur ' is used. In general, for the level density 
parameter a value of a = A/K is applied, where A denotes the 
nucleon number and K, a constant, for which values spread over 
2 R—"^ n) 
a wide region have been given in the literature '. In 
our calculations a best fit has been obtained by using a value 
of 8 for ^\m, 10 for ^^'^^Cu and "^^'"^-"-Ga and 12 for ^^^Bi. 
In pre-equilibrium reactions the initial exciton configura-
31) tion is a crucial quantity '. The influence of this initial 
exciton configuration, on the results of the pre-equilibrium 
calculations, has been investigated by varying the initial 
exciton configuration n (n-p-h), which is described by the 
number of neutrons (n), and protons (p) in excited states, and 
tne number of holes (h) after the first collision. The total 
exciton number n equals the sum of n,p and h. For a-induced 
reactions, the initial exciton number n = 4 or 5 was suggested 
32) 21 3'^ 36) 
by Blann ' . However, it was founa by many investigators ' " ' 
that n = 4 fits experimental data better than n = 5. We have 
performed the calculations with an initial exciton configuration 
n = 4, (2 neutrons, plus 2 protons, no hole i.e., pure parti-
cle state), which appears to give the best fit to our experi-
mental data for a-induced reactions. 
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5.3 Discussion 
The experimental excitation functions are compared with 
those predicted by theory, on the basis of the compound and 
pre-compound reaction mechanisms. Comparison with theory is 
made only for those reactions in which total cross-section 
(i.e., both isomers m and g) is measured in the present work. 
The excitation functions are represented by a solid curve for 
the cross-sections obtained by the consideration of both the 
compound and pre-compound contributions (GDH Model Calculation), 
and by a broken line for the compound nucleus (Weisskopf-Ewing 
calculation) cross-sections. 
The agreement between the experimental and the theoretical 
excitation functions can be judged from their peak positions 
and widths. As can be seen from figures, the excitation func-
tions calculated theoretically, have their peaks at energies, 
lower than the experimental ones. This is reasonable, since 
2) 
,<eisskopf-twing calculations ' refer to a lower limit for both 
37) these parameters , because of the angular momentum effects. 
Compound systems attained with incident particles of di'fferent 
masses, have appreciably different angular momenta, when exci-
ted to the same excitation energy. This,in principle can lead 
to differences in tne excitation functions. If, in the last 
stages of the nuclear de-excitation, high angular momentum in-
hibits particle emission more than it does gamma-ray emission, 
then the peak of the excitation function, corresponaing to the 
particle-emitting mode, will be shifted to the higher energy 
: 171 : 
38) 
side . Such a shift could also be produced if the mean energy 
of the evaporated particles increases with increasing nuclear 
spin. The order of the magnitude of this shift can be obtained 
from nuclear rotational energy . Blann et al. ' have indi-
cated that inclusion of angular momentum effects broadens the 
excitation functions. 
Fig. 5.1 shows the theoretical and experimental excitation 
56 58 
functions for the reaction Mn(a,n) Co. This reaction pro-
duces two isomers of Co, and both of them being unstable. 
58 Since the metastable state of Co decays to its ground state 
v/ith isomeric transitions, therefore, the measured cross-
sections for Co ground state gives the total cross-sections. 
It can be seen that there is good agreement between our re-
sults and the results of Tanaka et al. ' with theory (GDH Model), 
while the results of K.\atsuo et al. ' do not agree. Fig. 5.2, 
shows the theoretical and experimental excitation functions for 
55 57 the i\in(a,2n) Co reaction. It can also be seen that there is 
excellent agreement between our results and those obtained by 
12) 
Tanaka et alo ' v.'ith tneory (GDH Model). The experimentally 
measured and theoretically calculated excitation functions for 
55 56 tae reaction Mn(a,3n) Co are shown in Fig. 5.3. In the 
lower energy side upto 40 I^ eV cc-particle energy, our results 
12) 
agree witn those of Tanaka et al. ' but do not agree with 
55 55 theory. However, for the reaction l/m(a,4n) Co (Fig. 5.4) 
tne theoretical cross-sections are surprisingly much higher 
than the measured one. This may probably be due to break-up 
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reactior,. Fig • Lob, shows tne experimental and theoretical 
results for tne pair of reactions """/-n( a,an) /m and 
^5 54 54 
'^  Mn(a,2p3n) A.n, leading to the same residual nucleus Mn. 
As explained earlier, the measured cross-section is the sum 
of these two reactions at the onset of the threshold energy 
55 54 
of iv'in(a,2p3n) h\n reaction, i.e., beyond 41.3 MeV. Below 
40 MeV the experimental values are in agreement with theory 
(GDH Model), but above this energy, the picture changes dras-
tically when looking the reaction, which is not adequately 
explained by theory. The dump between the an and the 2p3n 
evaporation peaks is predicted to be much too deep by theory. 
In this case, we are observing massive contribution of pre-
equilibrium a-emission which is not considered by theory. 
55 52 The excitation functions for the Mn(ct,tt3n) Mn reaction is 
measured only for the reaction leading to the ground state 
52 
of Mn. The results are snown in Fig. 5.6. Since we measur-
ea only the metastable state cross-sections, comparison of the 
results with theory is not feasible. 
Tne measured excitation functions for the reactions 
Cu\,a,n) Ga and •^Cu(a,3n) Ga are shown in Fig. 5.7. As 
tne product nucleus is the same in both reactions, it is 
oDvious that aoove the threshold energy of the Cu(Q:,3n) Ga 
reaction (i.e. 26.9 i.ieV) > the experimentally measured cross-
sections are the sum of the above two mentioned reactions. 
Tnerefore, the observed activity of 0o834 MeV and 1.039 MeV 
Y-rays, arising from the decay of residual nucleus Ga, with 
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a half-life of 9.45 hours, into the irradiated samples, is the 
composite activity due to the two reactions, i.e., Cu(a,n) Ga 
and Cu(a,3n) Ga. The two contributions can be separated 
pretty accurately, using either the known theoretical ratio of' 
cross-sections, or, by substracting the contribution of one of 
the reactions measured with an enriched isotope. Efforts have 
40) 
been made to separate the contributions ' for these two reac-
tions using the theoretical excitation function for the reac-
tion ^'^Cu(a,n)^^Ga. Below the threshold for ^^Cu(a,3n)^^Ga 
reaction (ioe. 26.9 MeV), the measured excitation function is 
due to Cu(a,n) Ga reaction only. Therefore, the measured 
excitation function for Cu(a,n) Ga reaction, below the 
threshold for Cu(a,3n) Ga reaction, has been first reproduced 
from theoretical calculations. The calculated excitation func-
tion has been then extended in the region of overlap, i.e., 
above 26o9 MeV, using the same set of parameters. The contri-
bution of the extrapolated part of excitation function, beyond 
26o9 MeV, for the Cu(a,n) reaction, has been subtracted from 
the composite decay curve, to get the counting rate for the 
65 
Cu(a,n) reaction. This method for separating the two acti-
vities is justified, since the excitation functions for reac-
tions ^'^Cu(a,n)^^Ga (Fig. 5.8) and for ^^Cu(a,3n)^^Ga (Fig. 
5.12), so resolved, are reproduced individually by theoretical 
calculations using the same set of parameters. The theoreti-
cally calculated and experimentally measured excitation func-
tions for reactions *^Cu(a,2n) Cu, and Cu(a,pn) Zn are 
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shown in Fig. 5.9'. The excitation functions for these reac-
tions have been measured as a cumulative sum of both the reac-
tions, because the thresholds for both the reactions are close 
to each other, being 17.7 MeV and 13.4 MeV, respectively. One 
more reaction channel Cu(a,p3n) Zn opens at the offset of 
available a-particle energy (i.e. at 32.3 MeV), where as the 
65 
same product nucleus Zn is produced. By theoretical calcula-
tions we find that the cross-section for the reaction 
Cu(a,p3n) Zn, is of the order of a few millibarns, upto 
39.4 MeV energy and hence the contribution from the first two 
reactions, which is of the order of hundreds of millibarns, is 
predominant. The excitation function for the reaction 
Cu(a,n) Ga, has also been measured and computed. Fig. 5.10 
shows experimental data with the theoretically computed exci-
tation function. The excitation functions (both experimental 
and theoretical), for the reaction Cu(a,2n) Ga, are shown 
in Fig. 5.11. As can be seen from Figs. 5.8 - 5.12, our 
measured values are in better agreement with theory (GDH Model), 
13-19) 
while the earlier measurements ' do not agree with theory, 
they are somewhat higher or lower than the calculated excita-
tion functions. 
Fig. 5.13, shows the theoretical and experimental excita-
tion functions for the reaction Ga(a,n) As. The excitation 
function for this reaction has been studied only upto 21.1 MeV 
a-particle energy, because above this energy, three more 
reaction channels, i.e., Ga(a,a3n) Ga (Tj^ /2 = 26.01 hours. 
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7T 79 
.. = -26.03 KeV) and Ga(a,2pn) Ga (Tw2 = 14.12 hours, 
Q = -21.78 ineV) occur at the same time and decay with the 
same gamma rays, i.e., 0.630 i:\eV and 0.834 Jv-.eV, as obtained in 
the case of the Ga(a,n) As reaction. The four reactions 
cannot be separated simultaneously. Fig. 5.14, shows the 
69 
measured excitation functions for the reactions Ga(a,2n) 
71 71 
and Ga(a,4n), leading to the same residual nucleus As. 
The individual cross-section for Ga(a,2n) and Ga(a,4n) 
reactions, are separated at each energy, as explained earlier 
in cases of ^^Cu(a,n)^^Ga and ^^Cu(a,3n)^^Ga reactions. The 
theoretical and experimental excitation functions for the 
/TQ *71 'VI ^71 
reactions Ga(a,2n) As and Ga(cc,4n) As are shown in 
Figs. 5.15 and 5.19. It can be seen that there is agreement 
between theory (GDH /viodel) and experiment. Fig. 5.16 shows 
the present experimental values and the theoretical predictions 
69 70 for the reaction Ga(a,3n) As reaction. One more reaction 71 70 
channel Ga(a,5n) As opens at the offset of available a-
particle energy (i.e., at 46.2 ineV), whereas the same product 
nucleus is produced. By theoretical calculations we find that 
71 70 the cross-sec uion for the reaction Ga(a;,5n) As is of the 
oraer of a few millibarns upto 60 f.ieV, and hence the contribu-
tion from the first reaction, i.e., ^Ga(a,3n) As is of the 
order of 5.5 millibarns is predominant. It can be seen that 
the trend of our experimental values is generally reproduced 
by the GDH model (theory). Fig. 5.17 shows the experimental 
69 69 
and theoretical excitation functions for the Ga(a,p3n) Ge 
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69 
reaction. The sarne procucx nucleus Ge zs also procuced oy 
71 the Ga(a,p5n) reaction at the offset of the available a-
particle energy (i.e. at 50.98 MeV). By theoretical calcula-
tions, it is important to note that the cross-section for the 
reaction Ga(a,p3n) Ge is <1 millibarns, upto 60 MeV, and 
69 / N69 hence the contribution from the Ga(a,p3n) Ge reaction, 
which is of the"order of hundreds of millibarns is predominant. 
It can be seen that our results are in better agreement with 
GDH model calculations (theory). The theoretical and experi-
mental excitation functions for the reaction Ga(a,n) As 
are shown in Fig. 5.18. It can be seen that there is good 
agreement between theory (GDH Model) and experiment. 
The theoretical and experimental excitation functions for 
'^^ B^i(a,3n)^ -'-^ At and ^°^Bi(a,4n)^°^At reactions, are shown in 
Figs. 5.20 and 5.21. It can be seen that there is excellent 
agreement between our results and those obtained by Ramler 
or)) 
et al. ^ with theoretical predictions (GDH /..odel) . 
In the present experiments, excitation functions for 
55 /, \5b^ 55 ,' N57- 55 ^ ^ N54_ 63„ / ^ \0^^ j..n(,a.,p} re, j..n(a,pn} re, -..n(o.,5n; Co, Cu(a,3n} ua, 
'^^Cu(a,na)^^Cu, ^^Cu( a,2na)^^Cu , ^ ^Ga( a,4n)^°HS , ^ '^ Ga( a,p)'^ -Ge , 
°'^Gaia,np)^^Ge, '^ G^a( u,p)'^ '^ Ge, "^ G^aC ci,pn)'^ G^e, -°°Bi( a,n)^-^^At, 
-^^Bi(a,2n)^^^At, ^09^1(a,p)212p,, 2093,^^^p^^210p^ ^^^ 
'^ 09 % 208 
Bi(cc,5n) At reactions, could not be measured either be-
cause of tne snort naif-life of the product nucleus, or, 
because of the low intensity of the induced activity. 
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5.4 Conclusions 
From the present study of the excitation functions of 
a-induced reactions for ^^Mn, ^ ^'^^Cu, ^^ '"^ "^ Ga and ^^'^Bi, it 
is concluded that the quantitative agreement between the 
experimental and theoretical results is not very good in gen-
eral, but qualitatively it is satisfactory, specially in the 
high energy tail portion of the excitation functions. Inspite 
of this quantitative disagreement, it is quite evident from 
Figs. 5.1 - 5.5, 5.8 - 5.13, 5ol5 - 5.21, that pre-equilibrium 
(PE) emission of multiparticles is necessary before the system 
is equilibrated, and hence, the experimentally observed high 
energy tail of the excitation function can be explained only 
when the combination of semi-classically treated pre-equilibrium 
emission (geometry dependent hybrid model), followed by parti-
cle evaporation from the equilibrated system (Weisskopf-Ewing 
Model), is taken into account. The pure equilibrium reaction 
mechanism in its decay, is unable to explain the experimental 
data in the high energy tail portion of the excitation func-
tion. It is clear from the Figs. 5.1 - 5.5, 5.8 - 5.13, 
5.15 - 5.21 that calculated values shown by broken lines(based 
on the pure equilibrium model) do not reproduce well the 
experimental data; they are reproduced well only when the pre-
equilibrium emission is'also taken into account, as shown by 
solid lines. fie also infer that the initial exciton configura-
tion n = 4 (2 neutrons plus 2 protons, no hole) gives the 
best fit to our experimental data and support the finding of 
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many earlxer investigations ' ' . 
The present analysis inoicates clearly the presence of 
significant pre-equilibrium contributions in a-induced reac-
tions. Pre-eauilibrium fraction (fn-) is a measure of the 
Pn 
relative weight of the pre-equilibrium contribution needed for 
the reproduction of experimental excitation functions and it 
reflects the relative importance of pre-equilibrium and equi-
40) librium processes '. It is more meaningful to look for the 
total pre-equilibrium fraction of all type of emitted parti-
41) 
cles '. In a given target nucleus the total pre-equilibrium 
fraction, for all type of reactions, like (o:,xpyna) reactions, 
are calculated using the 'ALICE/LIVERMORE-82'^^^ code. Be-
cause of considerable contributions to pre-equilibrium fraction 
from the pre-equilibrium emission of charged particles, the 
calculated total pre-equilibrium fractions are not directly 
comparable with the measured excitation functions for (a,xn) 
type reactions. However, no definite trends for the variation 
of pre-equilibrium fraction with excitation energy, or, com-
pound system mass number ana changes in initial exciton number 
41) 
are reported ' , yet it is reasonable to assume that fpp 
39) depends on the excitation energy of the com.pound system "' . In 
the present calculations, fp_ is inherently energy dependent. 
This dependence is derived from consideration of the internal 
40 42) transition rates and of continuum decay rates ' ' . The fpp 
has been taken to be proprotional to the commulative sum of 
the probability of finding the particle in the continuum for 
: 19( 
every possible configuration during the process of equilibra-
tion. 
The calculated pre-equilibrium fractions for Mn, ' Cu, 
' Ga and Bi are shown in Fig. 5.22 as a function of bom-
barding energy (E^) in the energy range ^ 7-60 MeV. It is 
inferred from the Fig. 5.22, that the pre-equilibrium fraction 
increases very fast as the excitation energy of a-particle 
increases, and then at higher excitation energy, when the mul-
tiplicity of the out going particle increases, the pre-equili-
brium fraction (fpp) becomes more or less constanto As can be 
seen, in general, the pre-equilibrium threshold increases with 
the mass number of target isotopes, except in cases of Cu 
^ 71„ and Ga. 
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